
ASD-TDR-62-451 [I-*TV-
LL

(Unclassified Title)

PROPERTIES OF PLASMAS AS THEY PERTAIN
TO THERMAL ARC-JETS

TECHNICAL DOCUMENTARY REPORT NO. ASD-TDR-62-451
August 1962

Aeronautical Systems Division

Air Force Systems Command
United States Air Forcej Wright-Patterson Air Force Base, Ohio

Project No. 1(10-3048), Task No. 30193
,i I-

(Prepared under Contract No. AF 33(616)-8173
by the Plasmadyne Corporation, Santa Ana, California)

R5



NOTICES

When Government drawings, specificatons, or other data are used for any
purpose other than in connection with a definitely related Government procure-
ment operation, the United States Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the Government may have
formulated, furnished,, or in any way supplied the said drawings, specifications,
or other data, is not to be regarded by implication or otherwise as in any
manner licensing the holder or any other person or corporation, or conveying I

any rights or permission to manufacture, use, or sell any patenced invention
that may in any way be related thereto.

Qualified requesters may obtain copies of this report f-om the Armed F
Services Technical Information Agency, (ASTIA), Arlington Hall Station,
Arlington 12, Virginia.

This report has been released to the Office of Technical Services, U.S.
Department of Commerce, Washington 25, D.C., for sale to the general public.

V

Copies of this report should not be returned to the Aeronautical Systems
Division unless return is required by security considerations, contractual
obligations, or notice on a specific document.

C



4 /d

FOREWORD

This report was prepared by Plasmadyne Corporatiou under ContractAF 33(616)-8173. This contract wias initiated under Project Number i

1 (10-3048), Task Number 30193, "Properties of Plasmas as They Pertain
to Thermal Arc-Jets". The work was sponsored by the Aeronautical
Systems Division, Air Force Systems Command, USAF, Wright-Patterson ,_
Air Force Base, Ohio. The program was monitored by Mr. J. Lawler.I- Plasmadyne's principal investigator was Dr. Joseph Meltzer.

This report covers work conducted from 15 February 1961 to 15
February 1962. The major participants to this project were Dr. C. J. I
Chen, Mr. R. Greco, Mr. Q. McKenna, Dr. J. Meltzer, Mr. G. V
Mitcheltree, Mr. R. Price and Mr. W. Stoner.
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ABSTRACT

The purpose of this study is to present information which will aid in

selecting propellants for use in electro thermal engines. Several potential
propellants were examined. These include hydrogen, ammonia, helium
lithium hydride, nitrogen, methane, air, argon and lithium.

The report includes discussions of important ijropellant properties and
their effect on engine performance and life. The effect of the propellant
choice on the operation of the arc-jet is considered. This includes
examining theoretical thruster efficiency, engine life and the effect of the
engine's mission. Experiments were performed for eight propellants using
Plasmadyne's one-kilowatt engine. The results of these tests are discussed.
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THE ELECTRO-THERMAL ENGINE

The electro-thermal engine is a propulsion device which converts
electrical energy into directed kinetic energy. The incoming propellant is
heated by a gaseous electrical discharge between electrodes to create the
plasma. An arc is sustained between the electrodes and high energy is
introduced into the propellant by Joule heating using the resistance of the
gas itself. This heat or random energy is converted into thrust in a more
or less conventional expansion nozzle. This device is represented in
Figure 1, which is a typical DC engine. The cathode is usualy placed
along the axis of the engine and the nozzle acts as the anode. The incoming
propellant can be used as a coolant by allowing it to flow first around the
hot anode exterior before being introduced into the arc chamber. The gas
is usually made to swirl and sometimes a rotating magnetic field is intro-
duced about the anodes. These are used to increase life and give higher
performance by producing a more uniform gas and thruster temperature
and heating distribution.

Although the arc-jet is a somewhat simple-looking device the phenomena
involved in its operation are quite complex. The efficient design involves
knowledge of the inter-related effects of the arc physics, the heat transfer
by both convection and radiation, the fluid mechanics of the flowing as and
plasma the plasma kinetics and the propellant used. In addition, iithe
thermai arc-jet is to be considered as a useful device, the engine system
must be considered. This includes the engine, propellant and storage
system, controls and power supplies. In order to evaluate this system,
the mission and available components for space flight must be considered.
The mission under consideration has a strong influence over the selection
of a propellant.

In the following report the effects of the propellant choice on the
operation of the thermal arc-jet will be considered. This includes exami-
ning theoretical thruster efficiency and engine life. The ultimate goal of
such a study would be an analysis of the overall system performance for
some given missions. Experiments using various propellants were per-
formed using the Plasmadyne-NASA one kilowatt thermal arc-jet engine.
The results of these tests are discussed for the eight propellants investi-
gated.
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THE PROPELLANT - GENERAL DISCUSSION

ON THE IDEAL WORKING FLID OF THERMAL ARC--JETS

The propellant that will be used as the working fluid, for a single fluid
system, must be capable of being ionized. This is so that the fluid can be
heated by an arc mechanim. If one azsuines as a first order approxi-
matLon that the level of ienizLtion is the one computed using the Saha
for iii -za for the equiiib.r :sl condition, then the ease of ionization is directly
related to tht ionizatio:. peential of the gas. The degree of ionization foran.; :n temoeraturr would become greate, :s the ionization potential
.1e;:eased. The firsL requirement for an ideal arc-jet propellant would
t '-..:rly be a low ionization potenti~4. '-Cha's equation can be written in a
si-npllied forn for a perfect singly ionized plasma

a2  (2 m)3  5/2 (- Eii KT)
G (KT) e

1_a2ph 3

where: a is the de-ree of ionization
Ei is the i__ ionization potential
G is the degeneracy factor
p is the pressure
T is the temperature
m is the mass of the species
K, h are the Boltzmann and Planck constants

In addition, the ions and electrons should be capable of returning the energy
invested in ionizing the particles if the temperature is lowered (this will
be discussed to some extent below). This impiies that the recombination
rate is high and that recombination, when it does take place is by a three
body non-radiative process. Thus, the ionization energy should be able to
be converted to directed kinetic energy of the molecules and should not be
lost in a non-thrust producing radiati- e process. This also applies to
dissociation energies of polyatomic molecules.

The fluid used as propellant will be heated and some of the energy
supplied for this purpose will be inescapably invested in excitation energy.
This energy when lost from the gas by radiation- will not be avz.ilable to
produce thrust. It is therefore important that this excitation process is
not equilibrated to the translational degree of freedom. For the ideal fluid
then, if this excitation should occur, it would be desirable that deactivation
collisions occur in which this energy is returned to the fluid molecules ny
a non-radiative process.

The molecules which make up the ideal fluid should not be polyatomic.
In that case, in addition to ionization losses, energy would also be absorbed
in dissociation. The high energy states required in the arc-jet would make

_ -a high degree of dissociation a certainty in polyatomic molecules. This
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energy is difficult to recover since the hot propellant is rapidly expanded in

the nozzle. Here again, a high recombination rate process would be~desirable.

The mass of the particle also plays a part in the fluid performance,
particles of very light mass possess the property that they will attain very
high speeds when fully expanded from a given initial temperature. It
follows that particles of greater mass will expand to a lower velocity when
passed through the nozzle of a thrust device. The maximum thrust for a
given applied power and a given maximum operating temperature will come
from working with heavy particles. However, which is more important in
the possible uses of the arc-jet engine, the total impulse obtained from a
given total mass ejected from the thruster will be higher for lighter particles.
A higher specific impulse will be attained with light particles. The specific
impulse is directly proj.ortional to the square root of the temperature and
inversely proportional to Che square root of the mass and is also a function
of the ratio of the specific weights.

Isp a '

The choice of particle mass for the ideal fluid then depends somewhat on the
desired application or mission for which it will be used.

The reliability and life of the thruster are other important criteria to be
considered. In order to maintain the geometry of the engine, bince changes
in the geometry of the device would surely decrease its performance, it is
important that the ideal fluid be chemically non-reactive. This is to prevent
an attack on the electrodes, thruster and nozzle walls. Extremely high
temperatures will also cause material erosion and difficulty in containing
the hot plasma and arc. The heat transferred from the arc and plasma
should be accomplished in a uniform manner with no local hot spots to cause
extreme erosion problems. Another form of material removal from the
electrodes is in the form of sputtering. Sputtering becomes a serious
problem when the fluid particles acquire enough energy through the arc fall
regions to be able to penetrate the solid lattice of the electrodes and displace
some of the metal atoms from their lattice positions and subsequently drive
surface atoms into the plasma stream.

The ideal fluid, as suggested by the above discussion, should have many
non-equilibrium characteristics. All energy supplied to the fluid should be
in the form of translational energy. No energy should be absorbed by the
fluid in the forms of dissociation, Ionization, vibration or excitation except
that required for the ionization required to maintain the arc. If these
processes should occur they should immediately return all energies into a
directed kinetic form by a non-radiative process. Real fluids deviate
markedly from the description of the ideal propellant. Most fluids
being considered by arc technologists today are polyatonic, with large
dissociation and ionization losses involved in their usage. Only helium
of the lower atomic weight class is inert. Hydrogen is diatomic and
highly reactive. The recombination rates of hydrogen in the nozzle
seem too slow to regain the associated loss. Other low atomic weight

/ (2:'J5 :4



atoms are quite reactive and tend to form molecules of two or more atoms.
They also usually store considerable energy in the form of excitation states
with long lifetimes. Real gases so far as this application is concerned
absorb too much energy and release it all too slowly. They also attack
electrodes and walls with considerable damage resulting. A summary of
desirable properties of the "ideal propellant " (criteria of "ideality") are
listed below:

1) Easily ionized by electronic excitation.

2) Thermal ionization characterized by a large temperature
coefficient - thus a large degree of ionization would take place
at low temperatures.

3) Thermal recombination of ions and electrons characterized by a
large negative temperature coefficient - recombinations would
tend to take place at higher temperatures.

4) Preferably monatomic.

5) If polyatomic, the energy of dissociation should be small.

6) Generally desired, low atomic weight.

7) Cross sections for electronic excitation below the ionization
limit should be small for both electronic and heavy particle

-collisions.

8) Should have very little tendency to form ionic complexes.

9) Should be free of electronic or molecular metastable states of
long lifetime.

10) Should be relatively inert chemically at all temperatures.

11) The ion of the parent molecule should also be relatively inert
chemically.

12) Ion electron recombination should take place by non-radiative
three-body processes exclusively.

13) Elastic collision cross-sections for collisions of the propellant V
molecules with the wall molecules should be large - thus energy

-- is conserved in the propellant after collision.

14) Inelastic collision cross-section-of the propellant molecules with
the wall molecules should be small causing heat transfer from
the propellant molecules to the wall to be small.

15) Inelastic collision cross-section of the propellant molecules with
the cathode molecules should be large - thus heat is transferred £
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from the ion to cathode material and gives energy to the cathode
electrons to cause emission from the surface.

16) Elastic collision cross-section of the propellant molecules with
the cathode and anode molecules should be large conserving
propellant energy after encounter.

I7) Inelastic collision cross-section of the propellant molecules
with the anode molecules should be small, decreasing heat
transfer due to ion collisions in the anode fall region.

18) The ionization potential of the propellant molecules should show
a large negative electron ion density coefficient. The ionization
would not become more difficult as concentrations of charged
particles increased and no conductivity limit would tend to be
approached.

19) The propellant should liquefy at normal temperatures and should
go into a relatively high density solid form at reasonable low
temperatures.

20) The bulk viscosity of the liquid and gaseous forms should be low.

21) The heat of vaporization from the liquid form should be low.

22) The propellant should be free of impurities in the readily
accessible forms.

A real gas will not satisfy more than a few of these qualities. Some
of these properties along with tests made using various propellants will be
examined to determine promising fluids for arc-jet usage.

IN
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MOLECULAR WEIGHT - THERMODYNAMIC EXPANSION

In most propulsion devices the propellant gases are heated as a
mechanism of increasing the specific impulse of the device. This can
be by chemical combustion, nuclear fission, a sol-Lr furnace, nuclear
fusion or by an electric arc. All of these devices make use of heating
a propellant under pressure and then accelerating it to a high velocity
by a thermodynamic expansion to a lower pressure. As discussrd
above, the computations of arc-jet or even nozzle performance for a
real gas is rather complex. However, to obtain a feeling for the effect
of molecular weight on specific impulse, the ideal gas will be examined.
For this case and at high pressure ratios which do exist in the
applications considered the specific impulse is mainly a function of /T i

= the square root of the ratio of hot chamber temperature to the molecularM
weight ratio and also of y, the ratio of specific heats. Here the tempera-
ture is considered uniform in the chamber and all through the expansion
and all heat is supplied to the fluid prior to expansion. The molecular
weight is the effective weight and depends not only on the initial weight of
the species but also on the degree of dissociation occurring in th.e chamber.

-- :The degree of dissociation is best thought of as frozen in the condition
imposed in the chamber. For this case the specific impulse is:

!-

r Isp IT (

where R = gas constant
P 2 & P1  the pressure in the chamber and in the atmosphere.

From this consideration, the lighter molecular weights are more -
desirable and the higher values of -y produce slightly lower specific
impulse all other things being equal. Actually, the ionization and
dissociation effects, recombination effects, viscous and heat loss effects,
profile shape and real gas effects complicate the computation of Isp and r
engine efficiencies tending towards reducing performance. Figure 2
shows the equilibrium specific impulse that is obtained for the real gases
starting from an initial uniform temperature, a pressure of one atmos-

_phere exhausted to 10-4 atmospheres, for several propellants. This does
assume that recombination does take place in the nozzle with a resultant I;

__ release of heat and further expansion because of it.

The molecular weights of the initial propellant can be misleading as
it is the effective molecular weight in the state of dissociation found in the V
throat or nozzle which must be used in the calculations. In the table below
the molecular weight, the approximate molecular weight if the molecule is F
completely dissociated and unionized, and the ideal specific impulse for

7 -
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the real gas under equilibrium conditions with an initial chamber tempera-
ture of 20, 000°R are listed. At this temperature the gas is felt to be
highly dissociated. The Isp and the effective molecular weight do not
always vary monotonously due to recombination and ionization factors.

TABLE 1

MOLECULAR WEIGHT EFFECTS

Propellant Formula Molecular ,- Effective 'Specific Impulse' (sec)
Weight Dissociated Chamber Temp. 20, 000°R
(approx) Molecular Wt.

1 Hydrogen - H2  2 1 2900

2 Methane - CH 4  16 3.2 2100

3 Ethane - C2 H6  30 3.75 1950 F=

4 Lithium Hydride - LiH 8 4 1900 k
5 Helium - He 4 4 1100

6 Ammonia - NH 3  17 4.25 1300

7 Water- H2 0 18 6 1150

8 Hydrogen Peroxide - 34 8.5 950
HOOH

. 78 N2
9 Air (2102 29 14 830

.01 A

10 Argon - A 40 40 500

i-
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DISSOCIATION

The energy required to separate atoms of polyatomic molecules is
called the dissociation energy. Of the total energy supplied to the propellant
by heating through the use of the arc, some then is absorbed in this manner
in polyatomic fuels. This energy is lost to thrust unless it can be recovered
by non-radiative recombinations in the nozzle. For the arc-jet applications
now being considered, the temperatures and pressures are of a level that
almost complete dissociation would be expected. Listed in the table below
are the energies for atoms and molecules being considered as propellants:

TABLE II DISSOCIATION ENERGY (Ref. 3)

Dissociation Dissociation
Bond Propellant Energy Energy

Kcal/mole Kcal/ gm

H-H Hydrogen 103.2 51.6

Li-Li Lithium 26 1.9

Li-H Lithium Hydride 58 7. 3

N-N Nitrogen 225. 1 8. 1

0-0 Oxygen 117.1 3.6

02+N2  Air 203 7

C-H 85.56

C-H 4  Methane 348. 6 21.8

C2 H6  Ethane 522. 9 17.4

N-H 83 ----

NH 3  Ammonia 249 14. 6

This energy can be very significant, especially when operating arc
engines at low specific impulse. To illustrate when dissociation losses
would be significant, Figure 3 shows per cent dissociation versus tempera-
ture for several species. A pressure of one atmosphere is used in these

10



computations, the amount of dissociation decreases with increase in
pressure (i. e., H2 at 50000K 1 atm, 95% at 100 atm, 30%).

The effect of dissociation energy losses on theoretical engine perfor-
mance is shown by frozen flow efficiency calculation in a subsequent
chapter.

I-
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IONIZATION ENERGY

The ionization potential represents the energy necessary to remove an
electron from the atom. This energy usually designated II is termed the
first ionization potential. The second ionization potential, 12, represents
the energy required to remove an electron from a singly charged positive
ion. Quantum mechanics has shown that periodicity is conditioned by the
repetition of atomic configuration of outer electrons and properties which
are concerned with the structure of the outer electrons should reveal
periodicity. Thus, it is found that ionization potentials, ionic dimension,
polarization, etc., when considered as a function of atomic number give a
periodic like curve. Figure 4 shows such a curve and from it several
generalizations can be drawn. The case when only one electron is present
in outer shell will result in a low ionization potential as in the case of
alkali metals such as lithium, sodium and cesium. Atoms with complete
outer shells will have high Ii values. These are the so-called inert gases,
i. e., helium, neon and argon. The potential roughly increases with in-
creasing atomic number in a single period, e. g., between atoms of lithium
and neon. The ionization potential decreases with increasing atomic number
for atoms of the same group, i. e., the potential of argon is lower than that
of helium. The propellants considered for use with arc-jet engines are
composed of atoms in the first two periods of the periodic table with the
exception of argon. Of these, it can be noted that lithium is the easiest
atom to ionize; helium the most difficult. The values of ionization
potentials, with respect to hydrogen, of atoms with atomic numbers from
1-10 plus argon, are listed in the following table:

313 j
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I 1 of Hydrogen =13. 595 electron volts =312 K cal.

TABLE IM IONIZATION POTENTIALS (Ref. 4)

Atomic }Element Number I! I2 I3 I4 '5 I6 1 7 I8

HI.00

He 2 1.84 4. 00

Li 3 0.4 5.9 9.0

Be 4 0.7 1.34 11.3 16.0

B 5 0.61 1.85 2.8 19.3 25

C 6 0.83 1.79 3.52 4.74 24 36

N 7 1.07 2.18 3.49 5.43 7.19 40.5 49

O 8 1.00 2.58 4.04 5.69 8.05 10.1 54 64

F 9 1. 33 2.57 4.62 6.4 7.56 11.0 13 70

Ne 10 1.58 3.02 4.67

A 18 1.16 2.05 3.01 12.6

The amount of ionization as a function of temperature and pressure is
discussed along with high temperature thermodynamic properties in a later
section. The role of the ionization potential and efficiency losses caused by
ionization of the fuel in the arc-jet engine is clearly shown in the next
section on frozen flow efficiencies. The potential will also be examined
later in connection with the electrical conductivity of the gas, a very
important variable in the production of the arc itself.

14



IL co

LU C)
0

Z0'

u CN

V)

co
< '0

a-J0

'0

x

to

fl

00

cc

00 S2

15 -- --



I|

I

FROZEN FLOW CHARACTERISTICS

Frozen flow calculations are performed to determine the theoretical
effect of dissociation and ionization losses on the operating characteristics
of an arc-jet engine. This type of analysis is by no means supposed to
express the overall operating efficiencies of the engine. The frozen flow
efficiency calculations are a convenieat means of showing the importance
and maximum efficiency expected if the gas would remain in a frozen state
after leaving the arc chamber. The method of computing frozen flow
efficiencies is described below.

Frozn flow efficiencies considering dissociation and ionization losses
frozen are shown for hydrogen, lithium hydride, argon, helium, air and
lithium. In addition, calculations for some of the above are shown with
excitation and vibrational energy also frozen. These analyses were per-
formed at Plasmad-yne. In addition, efficiency vs specific impulse curves
are shown for ammonia and most of the elements with atomic numbers
below 10.

Some general conclusions can be drawn from these types of analyses.

1. Frozen flow efficiency is increased with increasing pressure.
2. Frozen losses become less significant at very high specific

impulses.
3. In the area where the arc-jet engine is being considered for

use (Isp 700-2000 sec) frozen losses are an important factor
in determining engine performance.

Figures 5 to 16 show frozen flow results.

Computational Methods

As a gas is heated to a high temperature (in the order of several
thousand degrees), molecular dissociation and ionization start to occur.
This means that some of the energy imparted to the gas is expended to
separate molecules from each other and electrons from the atoms. If
recombination of these particles does not occur before they leave the
nozzle section, this energy is not available for kinetic energy. In addition,
it is also possible that the energy imparted to the molecule in the forms of
vibrational and excitation energy might not be converted into kinetic
energy. This implies that the kinetics of the plasma in the nozzle are such
that insufficient time is available for equilibrium conditions to be reached.
In these calculations, one assumes that the amount of dissociation and
ionization which occurs in the arc chamber remains frozen. (Also, in
some cases the vibrational and excitation states are assumed frozen.)

f
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The frozen flow efficiency is defined as the ratio of the power delivered
to the propellant minus the frozen losses divided by the power delivered to
the propellant. For the case of ideal equilibrium flow, the corresponding
efficiency would be 1.0.

Power to propellant - frozen losses

Power to propellant

In the calculations, it is assumed that there are no losses, the
velocity in the arc chamber is zero, and the gas is exhausted to a zero
pressure.

For the case where the degree of dissociation and ionization are
assumed frozen in the nozzle, the efficiency is given by:

H- HD- 1;a i H i  H

H H

where:

H = the molar stagnation enthalpy
thf3 = the degree of molecular dissociation of the j- species

HD. = dissociation enthalpy of the j molecule species
j -th-= the degree of ionization of the i ion species

Hi  = ionization enthalpy of the i th species

The specific impulse is then given in the following form:

SIsp = constant H- Z3j HDj - aiHi =K H

In order to determine both the specific impulse and the frozen flow
efficiency, the amount of dissociation and ionization as a function of the
amount of enthalpy supplied to the propellant and the chamber pressure
need be known.

This information can most conveniently be obtained from a Mollier
_ diagram of the type prepared by Piasmadyne (see Fig. 20). These show

non-dimensional enthalpy and entropy as coordinates with parameters of
temperature, pressure, degree of dissociation and ionization. The method
of preparation of such plasma properties will be discussed in detail in
Sec. 8 of this report. The above equations for r and Isp may be put in a
non-dimensional form for ease of use with the diagrams.

17
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where:
R - gas constant

To = absolute reference temperature
go= gravitational constant

J = conversion factor

Fr a particular enthalpy input temperature and pressure, both the a
and 1 in the chamber can be found. This information plus the values of ED
and E- (to be found in Sec. 4 and 5 of this report) is all that is required
for determining r and Isp. (See Figs. 5, 7, 9, 11, 13 and 16.)

Now, the case where the dissociation, ionization, vibrational and
excitation energies are frozen will be discussed. (See Figs. 6, 8, 10 and
12.)

In this case, i7 and Isp can be expressed as follows:

H-13HD- aiHi-Hv-He AlH' Cp T
__ _ _ _ _ _ __=_ - H H p

H H H

R T HT

where:

Hv = vibrational enthalpy
He excitational enthalpy

p = effective heat capacity for the plasma mixture

=effective gas constant 4
T =absolute temperature

18



The specific impulse would be expressed as a function of L H'.

For example, for a hydrogen plasma
p CpC = +C R RH

= CPelectron + CPH H ('a) H2

R = (i- J3)R + I3RH (1 +a)

Here again the values of a and 3 are taken from the Mollier diagram
as a function of total enthalpy input to gas and chamber pressure.

As an outgrowth of the frozen flow calculations, the chamber tempera-
tures versus specific impulse were also found. These were computed for
both equilibrium and frozen flow conditions. Figure 17 shows chamber
temperatures for both ammonia, lithium hydride and hydrogen as a
function of specific impulse. At the same specific impulse, am-Monia
temperatures are considerably higher than those encountered us: .ig
hydrogen. One also notes that the frozen flow temperatures are signifi-
cantly hotter than those encountered assuming equilibrium flow conditions.
Chamber temperatures are also shown for other propellants of low
molecular weight in Figure 18.

19-
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PROFILE EFFECTS

The ideal frozen flow efficiency is normally calculated for the case
with uniform conditions across the jet. In an actual thruster, there is a
radial enthalpy profile across the jet which can have an important effect on
performance. The central portion of the plasma is considerably hotter
than that near the wall. This is true independent of the propellant used.
The magnitude of the profile effect depends on the shape of the radial
distribution, the per cent ionization and dissociation as a function of enthalpy
and the level of operation of the engine. Plasmadyne has written a computer
program for determining this profile effect. The effect of the radial
distribution is an important parameter in determining the theoretical per-
formance of a thruster. Figure 19 shows the result of this effect for a
single family of profiles. The calculation shown is for hydrogen, starting
with a chamber pressure of about three atmospheres. For hydrogen and
for the range of profiles shown, one can realize as much as a forty per cent
variation in efficiency due to profile shape. The effect of profile shape and
one's ability to control it can play an important part in propellant selection.

Computations should be made using a profile determined experimentally.
The effect might raise or lower the predicted efficiency depending on the
propellant used and shape established.

The procedure used in computing the effect of profile shape on frozen

flow is as follows:

The enthalpy profile is represented by a series

.. 3 10
Ho (1 C+ + C2 m2 +C 3 m3 +. C1 0

where:
Ho = enthalpy at the center line

C = arbitrary constants chosen to give desired profile shape

m = non-dimensional mass flow varying from zero at the
center line to one at the wall h = f (r) r being the
radius. i-h is the ratio of the mass flow occurring in the
area r = o to r divided by the total mass flow

The energy profile is introduced in the arc chamber. The fluid is
next isentropically expanded under equilibrium conditions to an inter-
mediate pressure at which the gas composition freezes. The gas is

__ assumed to remain frozen in this state during the remaining expansion.
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r
For the calculations --

1) Adiabatic conditions were assumed.
2) The Plasmadyne Mollier charts were used to determine

equilibrium conditions (degree of dissociation and
ionization).

3) Enthalpy entering chamber is zero.
4) Frozen particles are assumed to obey the perfect gas

assumption with the dissociation and ionization fractions
held constant, but vibrational energy recovered. Average
effective values for the specific heats (including vibrational
energy) were estimated for the temperature range involved
in the expansion using Figure 15-1 of Sears' "Thermody-
namics" Addison-Wesley Publishing Company.

(5) The gas constant is evaluated using information from &e
Mollier chart for the gas composition by particle species.

The thrust is given by

F vdrn +fp A- dm = (v+p )dm
drh 0 pv

where:
v = velocity
p = pressure
p = density

(v + - ) is a function of the total enthalpy for a given pressure ratio.0' pv
This function has been expressed as a power series to fit a series of points
determined as described below.

The velocity at the exit is obtained directly from the total enthalpy
change. If the density and velocity a the exit are known, the area is
computed from the continuity equation. The pressure-area contribution to
the thrust is similarly evaluated. The thrust is obtained by integrating
over the exit area.

The power inPin f H d r
0

The efficiency is given by

Seff I2 g0 2 ii

2 P. 2 Pin in

where:

-_ Isp = specific impulse = F/weight flow L

35



Veff =effective velocity
MA

The exit area is given by
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HIGH TEMPERATURE THERMODYNAMIC PROPERTIES

Before theoretical studies can be carried out on arc-jet performance,
it is first essential that information be Fvailable concerning the equilibrium
thermodynamic properties of propellants at high temperatures. The studies
include the evaluation of ideal efficiency versus specific impulse, compu-
tation of transport properties of plasma and recombination studies.
Computation of the equilibrium properties were carried out in 1959 and
1960 at Plasmadyne for five potential propellants. The argon, lithium,
helium and hydrogen work was performed under Air Force Contract
AF 49(638)-54 and lithium hydride analysis under AF 49(638)-766. The
results of this work are presented in the form of mollier charts of non-
dimensional enthalpy versus entropy. Constant temperature, pressure,
per cent dissociation and/or ionization are the parameters plotted on the
curves. To illustrate the type and extent of this work, see Figures 20 and
21.

A series of reports is now being prepared by Ling-Temco-Vought on
high temperature properties. The enthalpy, pressure, temperature and
density relationships are depicted in these reports. In addition, values of
various molar concentrations, speeds of sound and specific heats are
presented as functions of temperature and density. This work presently
includes studies of methods of computing partition functions and analysis
for air and argon. Future work includes calculating properties of nitrogen,
oxygen, helium and hydrogen plasmas. (Ref. 7 to 9)

Heller and McGee of Marshall Space Flight Center (NASA) have set
up several extensive programs to compute thermodynamic properties. The

- -first deals with hydrogen, helium and lithium plasmas, the second is a
general computational scheme for plasma property evaluation (Refs. 10
and 11).

The Rand Corporation has done several studies on high temperature
properties. This includes Gilmore's work on air and Krieger's work on
ammonia, water, lithium hydride, methane and methanol (Refs. 12 and
13). These were done as part of a parametrir investigation of low-
molecular-weight high-hydrogen content compounds for use as propellants
for nuclear powered rockets.

Many more computations of these properties have been performed,
especially noticeable are the German contributions to this area. These
include computations for air, hydrogen, hydrogen peroxide, water, helium
and ammonia (Ref. 14).

38 J



771-s



- - ---- -

IF-

- Cr 39



T____:4

211
- - gF A

/ 1 .4

------- -Ad- -- <f~ ~ ..

13200 -j

'd. 100r

-700

it 
R~. n:Ik

.4x a-ki
#~~ --l;41

'i50'07



-1.200

1300 ..-

9200-/[- *

A 4/

-00 -7 
49 ~I

/ ~M-1:; ER CHAR,

8200-.- H-

/2 /5 -J: -- 5 40- 4 5

6--0---- -- A --

-CAW-

* . 50 *Fi/



!K

THERMAL COEDUCTIVITY AND HEAT CAPACITY

The thermal conductivity and heat capacity are important arc jet
performance variables. They are impol art in determining the operating
temperature of the engine and the heat trans"er rates from the arc to the
propellant and chamber and nozzle walls. The heat capacity should be high
for arc-Jet operation. That is, a high capacity would allow a greater
amount of energy to be added to a gas for a smialler increase in temperature.
As a ge:.ral rule the lower the molecular welghl )f a species, the higher
its heat capacity. The heat introduced into the propellant should be recover-
ablr. The heat absorbed in dissociating pol-aton: - molecules is essentially
non-recoverable. An effective c pac-ty , ust be c..sidered in the case of
dissociation. It is composed of tne sum of the translational, rotational,
vibrational and r -itation contrbutions plus the heat absorbed during
dissociation. I gure 2 illustrates the fact that low operating temperature
can be correlated with iow molecular weights, and that t' is is because of
their associated high capacity. The effect of molecular issociation on the
heat capacity is illustrated in i'igure 22. High thermal conductivity is also
associated with low molecular weifht. Thermal conductivities of several
monatomic and diatomic species arc shown in Figures 24 and 25. 7n

The difference in operation of 'he arc vith monatomic and molecular
propellants will be discussed. The basic c _.crences regar -ing the variation
of specific heat and thermal conductivity with temperature results in quite
different temperature distrib.iiois across the arc-column crc s section
(discussion taken from Ref. 15). Generally low temperature gradients
occur in regions of high thermal conductivity.

The temperature distribution for a molecular ga. has the form shown
in Figure 23 for nitrogen. Near the boundary, the tem.-erature is LuoV, and
thus, in accordance with Figure 24 the thermal conductivity is low, resulting
in a steep temperature gradient. Farther inside the ar.. column, the temper-
ature rises to the level where the degree of dissociation steeply increases,
and therefore the thermal conductivity becomes high. The temperature
profile flattens out because the same flow of heat is maintained with a
smaller temperature gradient. In the regions o± still higher temperatures,
however, the thermal conductivity passes its first maximum and decreases
again, resulting in steeper temperature gradients. As ionization sets in,
the temperature curve once again starts to level off, reaching a maximum
at the axis of the column. The electrical conductivity 26) in
remains qu-te low until the second upturn of ti temperature curve, and
then rises sharply; hence, the current is coni .1#d almost entirely to a small
region near the axis.

In the case of a monatomic gas, the situation is less complicated. The
temperature distribution of the arc column in this case has a shape similar
to that shown in Figure 23 for mercury. The two temperature distributions
for nitrogen and mercury given in Figure 23 are typical for all molecular
and monatomic gas columns carrying higher currents (Ref. 16). Again, in

-- _ .
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the case of the monatomic gas, near the boundary of the column the tempera-
ture and the thermal conductivity are low, and there is a steep temperature
gradient. As the temperature increases, however, ionization sets in and
the thermal conductivity rises; as a result the temperature gradient decreases.
The temperature again reaches its maximum at the axis.

The electrical conductivity of the plasma increases wvith increasing
ionization; the current-density distribution across the column thus has a
form similar to the temperature distribution.

The advantages of high heat capacity and thermal conductivity during
the continuous operating condition for the arc-jet appear as disadvantages
as far as arc initiation are concerned. The maximum amounts of thermal
energy are extracted from the arc column by heat conduction and convection
during the "tzero-..current"l period and thus tend to prevent ignition.
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ELECTRICAL CONDUCTIVITY

The electrical conductivity can simply be related to the amount ofIionization in the gas. As a first approximation Saha's equation can be used
to determine this ionization degree. Saha's equation can be written as

x~21x 2  p CT 2"5xp e eV)

131

~Where
We Number of Ions

x 14-X = =; N Original Number Atoms

p = Total pressure
c = Constant and K = Boltzmann constant
T = The absolute temperature
e Vi = Ionization energy of the atoms

The amount of ionization is a strong function of temperature and
pressure. Increases in temperature increase the ionization and increases

3in pressure decrease this value. If the ionization potential of the atoms is
low as in the case of alkali metals ionization will take place more easily at
a given temperature.

4 The electrical conductivity of the plasma increases with increasing
ionization; the current-density distribution across the column thus has a
form similar to the temperature distribution. (See Fig. 23)

The distributions of current density of a monatomic gas and of electrical
conductivity of a molecular gas are compared in Figure 26. The current-
carrying cross-section of the arc column shall be defined as bounded by
that diameter at which the current density is one-tenth of its value at the
axis. With this definition, the effective current-carrying cross-sectional
area of the molecular gas column is only about one-ninth of that of the
monatomic gas column, provided that both columns have equal over .. ll
diameter and total current. In order to conduct the same total current
through the molecular gas column with its restricted current-carrying
cross-section, either the electrical conductivity and hence the temperature,
or the longitudinal voltage gradient must be correspondingly higher. Usually
both the temperature and the voltage gradient are higher.

The higher operating temperatures which accompany higher molecular
-weight propellants give rise to higher conductivity arc columns. For this

M case, higher current operating conditions for a given power will be observed.

The ignition of the arc-jet engine is a very important phase of its oper-
ation. The ease of engine start-up can be roughiy measured by the sparking
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or breakdown voltage for the gas-electrode system. This voltage is that
potential difference between electrodes above which the gas acts as a
conductor. Early work by Paschen showed that this potential is a function
of the product of gas pressure, p, and electrode separation, d. The shape
of the electrodes, the nature of the external circuit, the specific gas used
and the electrode material also play a strong role in determining the break-
down voltage. Impurities in the electrode material have very great effects
on the phenomena. At very low pressures, short gaps and very high gas
density "Paschen's Law" fails.

The table below is a compilation of minimum sparking potentials (Vmin)
for various gases

Propellant Cathode Vmin pdmin
Material Volts (mm of Hg x cm)

He Fe 150 2.5

Ne Fe 244 3.0

A Fe 265 1.5

N2  Fe 275 0.75

02 Fe 450 0.7
Air Fe 330 0. 57

H2  Pt 295 1.25
C02 -- 420 0.5
Hg W 428 1.8

Hg Fe 520 -2
Hg Hg 330 ---

(Refs. 23 and 24)

Helium has a very low sparking voltage and for experimental tests arc-
jet engines are usually started using it. The propellant to be run, usually
H2 or NH3, is then introduced into the engine and the helium flow stopped.
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LATENT HEATS

The most convenient method of feeding the propellant into the arc-jet
engine is in the gaseous state. The fuel may be stored prior to use in a
solid liquid or gaseous condition. If it is stored as a gas at high pressure,
of course, no heat need be supplied to the stored material to get useful
propellant flow to the engine. However, if stored as either a liquid or a
solid, heat must be supplied from an external source to transform it into
the gaseous state. In the case of a stored liquid two distinct conditions can
exist: first where the temperature at which phase transition occurs is below
ambient temperature and the second where it is above that temperature. In
the first case, this heat may be supplied from the atmosphere. If the proper
insulation is used the heat leak into the storage tank can be used to control
the production of gas and no system penalty need be charged to the heat
supplied for this purpose. In the second case, heat must be supplied from
an internal system source at a penalty to the overall efficiency to cause the
desired phase change.

In the case where the propellant is stored as a solid but supplied to the
engine as a gas, heat must be supplied for this purpose. The solid must
be heated to the melting point, the latent heat of fusion supplied to bring it
to a liquid state, the liquid must be heated to the vaporization temperature
and finally, the latent heat of vaporization must be supplied to bring it
into the gaseous state. Figure 27 illustrates this case for lithium at one
atmosphere pressure.

This energy supplied to the propellant in the form of latent heats and
liquid or solid heating is essentially lost as far as useful thrust. As an
example of the significance of this factor for the solid storage propellant
like lithium or lithium hydride, about 15-20 per cent of the total energy
required for a specific impulse of 500 seconds would go into pre-heating in
the storage tank.

It is conceivable that these latent heats need not be completely lost.
If ingenious methods of using this energy as a means of cooling hot operat-
ing portions of the engine, a double advantage could be gained. At present,
as stated early in this report, the incoming cool gas is used as a means of
cooling the electrode regions while reducing the overall heat loss to the
enviornment from the engine.

To illustrate the magnitudes of the latent heat and temperatures that
these phase changes occur, they are listed for one pressure (1 atm) in
Table IV.
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Table IV LATENT HEATS (Refs. 25 - 27)

Propellant Melting Heat of Boiling Heat of
Temperature Fusion Temperature Vaporization0 C cal/mole C cal/mole

Hydrogen -259.2 28 -252. 7 2i6

Helium -271.4 -- 6 -268.4 22

Lithium 179 1100 1372 32250

Lithium hydride 680 (+ 19%) ** *840-930 **over
40, 000

Ammonia -77.7 1352 -33.4 5581

Methane -182.5 224 -161.4 2040

Oxygen -218.9 106 -183 1629

Nitrogen -210 172 -195.8 1336

Argon -189.3 290 -185.8 1590

* IA-H dissociation is believed to start to occur at a temperature below
the so-called boiling temperature.

** Not known with any degree of accuracy due to chemical changes
occurring below the gaseous state.

From this table we can observe that lithium or lithium hydride would
have to be stored as solids and a great deal of heat must be supplied to
them to bring them into the gaseous state. All other propellants listed
could be stored as a cryogenic liquid stored at a lower than ambient

temperature. They could also be stored as high pressure gases. This
subject of storage is covered more fully in another section.
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STORAGE PROBLEMS

The weight of the propellant and storage tank required to perform a
particular mission is all extremely important portion of the system analysis.
The fact that a particular propellant has the best engine performance is
not a sufficient reason for its selection; the endre system must be consid-
ered. The amount of fuel required, its storage density, the weight of the
storage tank, and the size of the tank are all important factors. The
propellant can be stored as a solid, a gas or a liquid and in some cases as
a cryogenic. The actual amount of propellant stored in the tank depends on
the mission, the engine performance using a particular propellant, and the
leakage required in some cases for insulating purposes. The tank itself
contains the propellant, its required ullage space, and also acts as an
insulating shield when the propellant is stcred below ambient temperature.
The details of the storage analysis can be quite lengthy and only a very
brief explanation is included in this report.

Solid -torage is possible with propellants such as lithium or lithium
hydride which have high melting temperatures at the storage pressures
considered fur arc-jet usage. The density of this material is relatively
high and the tank walls are needed only to contain the material. The
difficulty in using the solid is in design of a feed system. Heat must be
supplied from the system if the feed is liquid or gaseous. The high
temperatures involved in using these fuels (see section on latent heats)
causes serious material problems.

To keep lithium in a gaseous state at one atmosphere, temperature
in excess to 13000 C must be maintained throughout gas-flow system.
Storage density is listed in the table below for these solids.

The storage density of the propellant should be high so that the tank
weight is low. In order to obtain a higher density in a number of potential
pro~ellants the storage temperature must be quite low. The table below
shows sr .le selected properties of cryogenics for electrothermal engines.
To help accomplisi, this, insulating materials must surround the tank and
usually a protective tank must cover the insulating material. The weight
of the tank can be significantly increased by using the insulated tanks. The
greater the amount of propellant that is required for the mission, the more
favorable is the total weight of storage tank plus propellant to the usable
propellant (Wt'Wu). The system of cryogenic stored propellant using a
vapor cooled shield will be illustrated to give a feeling for the problem.
Figures 28 and 29 show the ratio Wt!Wu as a function of storage time
for 173 lb. and 7776 lb. of stored usable prcpellant. The first conclusion
that can be drawn from this work is that a very high storage weight penalty
is paid to carry the helum. This is because of its very low density and the
very low temperature required for its storage. Heat insulation becomes a
very major problem. The ammonia methane and ethane are easily stored;
ammonia giving the lightest tank weights. Ammonia can be stored without
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any difficulty with thermal problems. The storage of hydrogen is some-
what intermediate in its difficulty.

The tests to date on arc-jets show that the best performance can be
achieved using hydrogen as a propellant. Ammonia gives reasonable
performance followed by helium and the hydrocarbons are the least satis-
factory. Helium, because of its lower performance and heavy storage
weight penalty does not seem desirable for space usage with the arc-jet.

Aside from the storage of solids, hydrogen and ammonia must be
evaluated further. Because hydrogen has better arc-jet performance but
is more difficult to store than ammonia, each is better for some missions.
Less hydrogen weight is needed for a particular mission; and for a given
storage time and for a given amount of required propellant both systems
can be equal in weight. In general, the analysis of these two systems
results in a curve as shown below.

Figure 30

Comparison Between Liquid Hydrogen and Liquid
Ammonia Storage Tank on a Weight Basis

I_ _ Break even line is

a function of H2 weight

NH3 weight
ego required for same missions.2 Region where.) hydrogen is

Sbetter

, :,D Re-ion where
J ammonia is bettel

Storage time

For shorter storage times and higher rate propellant usage hydrogen
would be superior. And for longer storage times ammonia results in a
lighter total storage system.

More efficient methods of cooling cryogenic tanks for long durations
are presently under development. Improvements in insulation materials
would decrease some of the weight penalties associated with low tempera-
ture storage. At present. "super" insulators with conductivity values in
the order of 4 x 10- 5 Btu/ft hr *F are available. firesearch Corwoiation
is developing a very lightweight refrigeration system which will eliminate
the need of sacrificing some of the propellant as a means of cooling the
insulation. The rpfrigeiation is a closed system and allows zero heat
transfer to the propellant. This system shows very significant weigh't
reduction in the storage systems using hydrogen for long ner:os of time.
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STORAGE DENSITIES

Table VSOD

Propellant Storage Temp. Pressure 1  Storage Density

Lithium Ambient 1 atm -33 lb,'ft3

Lithium hydride Ambient 1 atm49l/f

Table VI CRYOGENIC

Propellant Critical Temperature IDens ity At Boiling Liquid Density
and Pressure ICriticaj~Pt. Temperature at Boili Pt.j lb/ft-3 -F lb/ f t

Hydrogen 188 psi 1.87 -423 4.43

IHelium - 450. 6VF 4.3 I -452 7.82
32. 2 psia

Mtae-116.V7F 10 -258.9 26.48

Ethane 89.8 F 13.1 -127.5 34.12
716 psia

1Ammonia 270. 3 F 14.7 -28.1 42.57
1639 psi-a

!Argon -308"F 1 33.2 -303 --
705 pSia

Air -366-F 21 -323 -54
588 psia
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Figure 28 VAPOR-COOLED SHIELD-OPTIMUM WEIGHT RATIO

56 -



rW LUsc ,e Fluid We.ght =7776 Lbs.
IW1 Total Tank Wet Weight
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1.51
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0

1. 2

I 'Methane

_____________________Ethane
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Figure 29 VAPOR-COOLED SHIELD-OPTIMUM WEIGHT RATIO

(from Ref. 28)
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ENGINE LIFE

The life of the are-jet is limited by the erosion rate of the anode-
nozzle in the typical configurations used presently. This erosion can take
place by several mechanisms: The mass loss due to vaporization, localized
heating in the anode fall region, sputtering, and chemical reactions between
the propellant fluid and the wall.

The amount of electrode material loss due to vaporization can be obtain-
ed from elementary kinetic theory (Refs. 29 and 5). The maximum mass
flux from the surface is given by

ivap = KPvap M/T

where K = constant

P = vapor pressurevyap

M = molecular wt.

T = surface temperature 0 Absolute

The vapor-pressure temperature relations were obtained from Refer-
ences 30 and 31. NIvap is shown as a function of surface temperature in
Figure 31. The temperature at the wall depends strongly on the operating
temperature of propellant. Thus, for example, the wall temperature for a
hydrogen operated engine would be considerably cooler than w):Ih one oper-
ating on ammonia for the same Isp. The rate of vaporization would be
lower and the life longer using hy'drogen. This is, of course, if vaporiza-
tion was the major phenomena controlling life. Reference 5 reports that
maximum wall temperatures operating at an Isp of 1000 seconds with a
radiation cooled engine were 1600'K for hydrogen and 2600 0 k using ammonia.

The amount of erosion caused by the anode foot region depends on the
current and current d nsity in that region. The exact analysis of this effect
is complicated by tuo act that the arc has various operating modes and
frequently moves rapidly over the anode surface. This phenomena is dis-
cussed at greater length in a subsequent cl.apter. The life of the thruster
has been found to increase (using various propellants) with a decreased
current for a given power opeation. The material loss due to sputtering
becomes a serious problem when the fluid particles acquire enough energy
through the fall regior be able to penetrate the solid lattice of the
electrodes and di.,l; )me of the metal atoms from their lattice positions
and subsequently dr.-. -urface atoms into the flow stream.

The relative effects of the different mass removal mechanisms is r
at all clear at pi esent. These must be understood before significant

-A increases in engine life can be achieved.
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THE MOVING ARC FOOT AND ENGINE LIFE

Recently an arc phenomenon was observed which can be used to increase
the life and performance of the thermal arc-jet. It shows that at certain
operating regimes and using certain propellants the arc attachment region
travels axially and periodically along the anode surface. This is for geo-
metries similar to those presently used in most D-C arc-jets. The arc
initiat.-.s at the upstream end of the cylindrical anode and the foot is swept
downcream by gas flow repeatedly over the same path. The life of the
anode can be increased by forcing the arc foot to move rapidly over the
entire surface of the anode in such a manner that the path is different for
each repeating cycle, This reduces the concentration of heat flow due to
losses in the anode fall region and thus markedly reduces anode erosion
rates.

In thermal arc-jets as they are designed now, the permissible running
conditions for the unit and the operating life obtainable are limited by the
erosion of the anode. This is true even in cases where the electrode drop
loss at the anode is small compared to other thermal losses in the unit, and
this is a direct result of the fact that the anode drop heat loss enters the
wall in a very concentrated form. A reduction of the concentration of anode
heat loss would permit improvements of thermal arc-jet performance in
several ways including the ability to attain higher specific impulse and arc
chamber pressure. Higher average wall temperature could be attained
since localized hot spots would not be formed in the anode. The higher wall
temperature would cut down on convective heat transfer to the walls. The
higher arc chamber pressure would increase the usually very low Reynolds
number and reduce dissociation losses.

High frequency fluctuations were first noted in the arc-jet at Plasmadyne
in 1959 when arc voltage and current were monitored using an oscilloscope.
The voltage was found to vary in a saw-toothed pattern with voltage increas-
ing gradually and dropping abruptly at very high frequency ( 5 - 200 kilo-
cycles). These voltage fluctuations were observed on many occasions.
Wheaton and Dean* have carefully studied these voltage fluctuations and
have demonstrated that they are caused by an operating pattern in which the
arc initiates at the upstream end of the anode and is swept downstream over
the anode surface by the gas flow. The voltage increases as the arc grows
longer until it is high enough to cause breakdown again at the upstream end
of the anode. This cycle repeats at high frequency and keeps the foot of the

* John R. Wheaton and Robert C. Dean, Jr., "On Anode Gas Sheath
Electrical Breakdown in a High Pressure Arc Plasma Generator," V
Dartmouth Research Report, October, 1961. (Ref. 32) L
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arc moving rapidly in an axial direction over the anode surface. Since the
arc will tend to break down at the same circumferential position at the
beginning of each cycle, the arc is expected to follow down the same path
on the anode with each cycle until the geometry is changed enoligh by
erosion to modify the breakdown conditions. Figure 32 shows an oscillo-
scope trace of the voltage across the electrodes of a typical Plasmadyne
arc-jet. The fluctuations shown are similar to those reported by Wheaton
and Dean.

In addition to axial motior of the arc, tangential motion is frequently
induced by the use of whirl in the gas flow and/or an axial magnetic field.
This tangential motion combined with the axial motion described in the pre-
ceeding paragraph results in a spiral path which the arc follows down the
anode. Since the arc still breaks down at the beginning of each cycle, the
arc repeatedly re'.races the same spiral path on the anode. When enough .
erosion occurs th )ermit the arc to break down at a new position at the
upstream end oi -',e anode, the arc starts along a new spiral path. This
seems to explain the spiral erosion marks which are frequently observed
on cylindrical anodes.

To avoid concentrated heat flow into the anode it would be desirable to
spread the arc over the anode in a non-repeating pattern for the condition
at which the above fluctuation take place. This can be controlled, it is
believed, by several means such as:

1. Using a pilot arc to force the initiation point
2. Using a variable strength magnetic field around the anode
3. Using a transverse magnetic field around the anode
4. Using segmented electrodes to force the location of the initiation

point
5. Using physical rotation of arc-jet engine parts to control the arc

foot relocation point.

Details of this phenomenon and its control to increase life are too
lengthy to include in this study but will be supplied in other Plasmadyne
reports.

The phenomenon was only observed in diatomic gases such as nitrogen
and hydrogen. Repeated tests with monoatomic propellants such as helium
or argon revealed no such occurrence.

This arc foot movement might be an important factor in the life of an
engine and the choice of a propellant which can exhibit this phenomenon
might be an important factor in its selection.
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Figure 32a -- VOLTAGE TRACES WITH HYDROGEN
75 Amps. 98 Volts (Avera-,)e). 0. 16 X 10_Pounds Per Sec.
50 Volts Per Centimeter. 5Microseconds Per Centimieter

NE-EEE.E

Figrure 321) -- VOLTAGE TRACES WITH HYDROGEN
45 Amlps. k)2Vot (A%-eratze) 162 Volts (Averaue)
0. 54 X 10- Pounds Per Second, 50 Volts Per Centimeter
5 Microseconds Pei Centimneter
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CHEMICAL INTERACTIONS BETWEEN MATERIALS
OF CONSTRUCTION AND PLASMA JET PROPELLANTS

The design of high intensity electric arc devices has for many years
concentrated on the use of inert gases in order to circumvent the chemical
problems involved with gases other than the "noble" gases. It was recog-
nized early that the usual electrode materials such as graphite were
readily attacked by air, water, C02, etc. Thus, in order to study arc
behavior and arc phenomena without the complicating chemical factors
pure helium and argon were used. The result, of course, has been the
development of numerous high intensity arc devices which have important
commercial applications.

Electric propulsion for space vheicles is one such application now
being seriously considered and investigated. One type of electric propul-
sion involves the use of a plasma stream heated by an electric arc. It is
of importance to the investigators in this field to consider the use of gases
and compounds other than argon or helium as the propellant in a plasma
jet engine. Theoretical considerations indicate that better performance
should be obtained from propellants such as hydrogen, ammonia, and
lithium hydride. Other factors to be considered in the choice of propellants
for a plasma jet engine are the ease with which the "fuel" can be stored,
its storage density, and the weight of the vessel required. It follows then
that the cryogenic propellants (H2, N2, A, He, 02, etc. ) creat design
problems which may be alleviated if fuels such as NH3 or UH could be
used. It is obvious from this that chemical activity of the materials of
construction of an arc-jet engine with respect to the various proposed
propellants is of significant importance.

If one attempts to predict the chemical behavior of a given material in
the presence of a specific propellant, factors such as wall temperature and
the boundary layer conditions must be known. These factors are controlled
by such conditions as engine configurations, power input, mass flow rate
of propellant, and the thermophysical properties of both the material and
the propellant. This represents a vastly complex situation and is beyond
the scope of the comments to follow.

Without regards to novelty of design (i. e., complicated cooling systems
for the materials of construction of a plasma jet engine), a group of mater-
ials having superior high temperature properties will be compared and
their resistance to attack from various propellants will be described.

Thoriated tungsten is a superior electrode material based on its
electrical and thermal conductivity, high melting point and low vapor H
pressure, and its resistance to thermal shock. The following table presents
the chemical resistance of thoriated tungsten to various propellants. V

63



Table VII

THORIATED TUNGSTEN

Propellant Remarks

Nitrogen Tends to disolve N2 , solubility of N2 is

0. 19 x 10 -4 wt. %at 1600' C and 0.38 x

10- 3 wt. %at 24003 C.

Hydrogen No reaction up to melting point

Ammonia No reaction up to melting point

Li & IAH Should be similar to Na, NaK, and Cs
metals which do not react up to 900' C

CH4 or C2H Begins to react at 1200' to form WC and
a eutectic (1. 5 wt. % C) which melts at
2475c C

Air Begins to oxidize at 4000 C, rapid at 650 C

The best materials one might use as an uncooled housing material for
the arc-jet engine are tantalum and molybdenum metal. This is based on
their good electrical and thermal conductivities, high melting points and
low vapor pressures, high resistance to thermal shock, and ease of fabri-
cation. The resistance to the propellants in Table VII is described in
Tables VIII and IX for these materials.

Table VII

TANTALUM

Propellant Remarks

Mitrogen Nitrides at 300' C: rapid at 11003 C to
form hard skin. At 20000 C in high
Vacuum all N2 is evolved.

Hydrogen Absorbs H2 above 250" C ; above 800' C in
high vacuum all H2 is evolved.

Ammonia Same as with N2

Li & LiH Good up to 1000: C.
CH or C2 H Reacts between 1700-2500 ° C to form TaC

Eutectic (0. 8 wt. % C) melts at 2800' C
oxidizes readily above 550 C
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Table IX

MOLYBDENUM

Propellant Remarks

Nitrogen Forms nitride skin above 11000 C
Hydrogen Inert at all temperatures

Ammonia Same as N2

Li & LiH Good up to about 10000 C

CH4 & C2 H6  Forms carbides at elevated temperature
and an eutectic (1. 8 wt. % C) which melts
at 22000 C

Air Oxidizes readily above 6500 C

Three materials which can be used as ultra-high temperature electrical
insulators are A1203, BeO, and BN. The choice of these three materials
is based on their high melting points, high electrical resistivity, good
thermal stability, and thermal shock resistance. The behavior of these
substances with the propellants in the previous tables is listed in Table X.

Little has been said up to this point about the phenomena taking place
at an emitting electrode surface. In certain cases high erosion rates of
tungsten electrodes have been obtained with helium and argon gases even
though conventional chemical phenomena can be ruled out. It has been
empirically shown that such high erosion rates can be greatly decreased
by proper electrode spacing and configuration, cooling-channel design, and
proper matching of power input and gas mass flow rate. Here again the
complexity of the emission phenomena places any detailed discussion beyond
the scope of this brief study.

However, it should oe pointed out that electrochemical phenomena may
be important. For example, List and Jones, and Skolnik and Jones (Re-

-ferences 33 and 50) have shown that uncooled graphite electrodes operate
in N2, 02, Air, and H2 such that a voltage drop occurs which coincides
with the formation of compounds such as: CN, NO, CO, C02, and CH4 .
The ionization potential of these compounds being lower than those of the
gases mentioned thus influences the anode voltage. List and Jones, and
Skolnik and Jones could not observe a voltage drop for metal electrodes,
but suggest that this effect was obscured because the ionization potentials
of metals such as tungsten, copper, and iron are lower than any compounds

It which could form. It appears then that there can be a definite influence on
the voltage-current characteristics of the arc depending on the electrode
material and the propellant used. Thus, it is possible that electrochemical
phenomena may play an important part in the operating characteristics of
an arc-jet engine and the life of the electrodes.
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The foregoing information describing the compatibility of selected
materials with a group of propellants is based on literature data taken

- under essentially static conditions. It should be realized that little is
known about the reaction kinetics under conditions of varied mass flow,
heat flux density, and boundary layer conditions in an arc-jet engine. It
is important, therefore, that research efforts should be instigated in
which propellant and materials be studied together.

The results of interaction of propellant and container materials in
arc-jet engines will be summarized. Hydrogen has the lowest deteriora-
tion effects on all the materials considered. The carbon containing
propellants and air have serious containment problems at the higher
temperature. Alkali metal propellants are not seriously active until
above 1000' C; however, these propellants usually will be operated
above this temperature because of their high vaporization temperature.
The nitrogen containing chemicals are moderately active and can be used
with certain of the container materials.

This discussion is not concerned with the temperature at which the
arc-jet will operate using different propellants. The higher the operating
temperature required to obtain the desired engine performance, obviously,
the more serious will be the materials problems involved in their design.
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SPUTTERING

The erosion of metallic surfaces by positive ion bombardment is
called sputtering. Measurements of this phenomenon are generally
reducible to a "sputtering ratio" which may be defined as the ratio of
ejected metal or target atoms to the incident bombarding ions. This
defined, the sputtering ratio is characteristic of target material and
bombarding ion, but may vary with ion energy and angle of incidence.

If the weight loss of the target is a true measure of the amount of
sputtering and the integrated current is a true measure of bombarding
ions, the sputtering ratio can be expressed as

S=WiI N/N -96500W/Alt
t -if ]

where
W = Weight loss in milligrams

= Integrated Target current (Ma-Sec)
Ni  Target atoms lost

N. = Bombarding Ions
A = Constant = 63. 5 for a copper target

The sputtering rates are higher for more massive ions and except for
the case of hydrogen ion H+, the total weight of ions striking the target
(for the experimental data shown) is a small fraction of the observed
weight loss. The amount of sputtering is also sensitive to the pressure.
The variation with pressure appears to be due to the formation of a surface
layer which inhibits the emission of sputtered target atoms from the
-urface. At pressures in excess of 10-4 mm of Hg the number of neutral
particles from the residual gas striking the target is orders of magnitude
greater than the number of ions. The surface layers are self renewing at
higher pressures. A doubling of the pressure usually results in a decrease
in sputtering of 10-15,

The table below exhibits sputtering ratios for various ions incident on
copper at .jO kev of energy. Some results using argon and various target
material are presented in Table XI. This data is taken from Reference
34 and are only shown for relative effects of sputtering variations. Fig-ure
33 shows the effects of ion energy and molecular weight on the sputtering
ratio.

f n
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Table XI
SPUTTERING OF COPPER BY ION AT 30 Key

ION nMOLECULAR WT SPUTTERING RATIO

H 1 0.011

D 2 0.03

He +  4 0.13

14 5.28

Ne+ 20 3.61

A 40 9.02

Cu 63.5 9.6

Table XII
SPUTTERING BY ARGON ION AT 30 Key

TARGET JSPUTTERLNG RATIO

Ta 2.7

Mo 3.31

Cu 9.02

Al 2.38
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RECOMBINATION

The energy transferred to the propellant in the arc region of an arc
thruster is sufficient to cause a considerable number of propellant molecules
to dissociate. If recombination into molecules can be achieved within the
diverging portion of the exhaust nozzle, then the energy captured in the
dissociation process will be released to the gas particles in the stream,
increasing their thermal energy, and consequently, the amount of momentum
they transfer to the nozzle walls, i. e., "thrust".

An accurate evaluation of the recombination characteristics of pro-
pellants in an arc-jet thruster can be accomplished only by experimental
measurement. Experimental data for chemical reaction rates in nozzle
flow are extremely scarce. Accordingly, any theoretical calculation of
recombination rates or relaxation times in nozzle flow involves many
assumptions. Such calculations may be in error by orders of magnitude
and must therefore be regarded only as very crude estimates.

Preliminary calculations of the mclecuiar recombination rates of
hydrogen, lithium hydride and ammonia were carried out, using simple
collision theory. The increase in recombination rate caused by the inject-
ion of foreign particles into the exhaust flow was briefly investigated. Some
experimental results from a recent Plasmadyne study of hydrogen nozzle
recombination are presented.

Energy Absorbed in a Dissociation Process

A diatomic dissociation process may be represented by the equation

A2 A+A ()

The degree of dissociation u is defined as the ratio by mass of the
atoms in the mixture to the total mass of atoms and molecules.
Therefore for diatomic dissociation

NA (2)

NA + 2 NANA+ 2

where N A is the number of atoms and NA2 is the number of molec-
ules present in the mixture.

The energy distribution in the atom-molecule system can be evaluated
as follows, by assuming the energy to be in two forms only - dissocia-
tion and thermal:

N A
E =(NA + NA) ET + ED (3)
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where E is the total energy in the gas, ET is the thermal energy of

each particle, and ED is the dissociation energy.

Equation (3) can be rewritten as

E =NET+N - ED (4)

where N is the total number of particles. The percentages of thermal
energy and dissociation energy in the system are respectively:

- = ET

% thermal energy - x 100 (5)
ET ED

and
~ ND

1% dissociation energy =x 100 (6)
(Iba) ET + a ED

For the case of hydrogen at chamber conditions of 1. 0 atmosphere
pressure and 3000 K. (I 1000sec.), &-0.08 E -0 5e
E =4.7evand

_ 0.5
% thermal energy x 00 = 60%

T.U8

g 0.08 x4.7
% dissociation energy 0 x 100 = 40%

1.08xO.5 + 0.08 x 4.7

Thus, 40 per cert of the energy present in the gas is unavailable for
producing thrust if no recombination occurs within the nozzle.

4,,

I 1
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RECOMBINATION RATE CALCULATION

Symbol Definition

a, b Activation energies
M Molecular weight
n Number density
P Steric fictor
R Universal gas constant
T Temperature
u Third body
11 Reduced mass of binary system = ml m2

ml + m2
or Diameter of species particle

Effective diameter of the temporary particles formed by
binary collisions 88 per cent of the sum of the diameters
of the two colliding particles.

r Mean duratiin of collision
( ) Concentration of species

Karl F. Herzfeld (Ref. 35), George P. Wood (Ref. 36) and others
have derived expressions for the rate of recombination of atoms into
molecules, based on simple collision theory. Wood's analysis was
followed in the present discussion.

Two atoms can form a stable molecule only if a part of the sum of
their respective energies is absorbed by a third body and momentum -

conserved. With no third body present during their collision, two atoms
would merely "bounce off" each other, without forming a molecule. In
order to make his calculation, Wood assumed that recombination can occur
in two ways: during the collision of two atoms a third body collides with
them, causing recombination; or, during the collision of an atom with a
third body, another atom collides with them, causing recombination.

Wood derives the follc .ving equation for the recombination rate of
atoms into molecules (Az A + A):

d (A2 ) = 2 (21RT) 1/2 (AA) (u) A+ u +Mu PAA*ue -

dt 2 ) MAAMu)

+ (Au) (A) (Au+ oA 2 1/2
(A] MAu M A )-/

~~1I M)AUe j(7)

(AA) is the concentration of pairs of A atoms in the act of colliding
with each other and (Au) is the concentration of A and u particles in the
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act of colliding with each other. The steric factor PAA u is a measure of
the efficiency of u as an absorber of energy and momentum from a pair of
A atoms, while PA A is similarly a measure of the "third body efficiency"
of u when u is in c lision with an A atom and they collide with another A
atom. The energies involved in the collisions must be greater than the
activation energies a and b, for the reaction to occur.

The concentrations (AA) and (Au) were considered to be equal to the
rate at which collisions occur multiplied by the mean duration of a collision.
This leads to the expressions:

(AA) =TAA (A)A) rA (27TRT) 1/2 1/2 (8)

and (Au)= 2 r A) (u) ( A +nu) 2 (21rRT)1/ A+ 1/2/ 9
MA Mu

Wood's assumed values for the mean collision duration, r= 6x10 - 9 x

( T) 1/2seconds and for the activation energies a =b =0 (i. e., a and b

were considered to be small compared with RT) were used. Experimental
data give values for the steric factor P from 0. 01 to 1. Wood's assumed
value of 0. 1 was used in our calculation.

Hydrogen

For hydrogen, both H and H2 can act as third bodies and the recom-
bination rate was computed using equations (7), (8), and (9), which reduce
to

d (H2 ) _ -36 2 1/2 molecules
10 n) T (9. 43 nH 17.8 (10)

dt 2 cm sec

where th.a n's are the number densities.

Lithium Hydride

Above 1400°K an appreciable number of LiH molecules probably
cannot exist (Ref. 37) and accordingly the rate of recombination of iAH
would be very low above this temperature. For the present estimation
only the recombination rate of the hydrogen liberated from the LiH
dissociation reaction was cor.puted, The available third bodies are H, i A
H2 , and U, and the rate equation becomes

d (H2  94Hd(2) - 6 2 12molecules(1)I

10 - n T 1/2(9.4 n + 17. 8 n + 18. 8 nLi) Imec (1
dt 2 cm sec

~ 74



AlM

Ammonia

Ammonia decomposes readily at a few hundred degrees Kelvin. Since
the gas in an arc-jet thruster is always at a temperature higher than this,
there is little chance of achieving NH3 recombination. However, recombin-
ation can occur in the reactions

~~H + H ---- H2

and N+ N- N

with H, H2 , N and N2 acting as possible third bodies.

For ammonia the rate equations reduce to
d_ (Hd(2)  36 2 1/2d ( 10- nH T (9. 43nH+ 17.8nH + 7. 25n N +

molecules
+ 18. 0 nN) (12)

2 cm sec

and
d N) 103 nN 2T1 (19. 7n + 4 1. 8 nH + 16 . 2 nN+

dt Hi2
molecules

+ 31. 7 nN ) - (13)
2 cm see

The number densities were determined from the equilibrium constants
given in Reference 38 according to the method outlined by Penner (Ref. 39).

Equations (10), (11), (12) and (13) are plotted in Figures 34 to 36 for
a total mixture pressure of 0. 1 atmosphere, in each case.

Pressure Dependence V

The above stated equations show that recombination rate varies as
the cube of pressure for an ideal gas (p = nk T).
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RECOMBINATION IN NOZZLE FLOW

General

If the time required for the flow in a rocket nozzle to achieve equili-
brium is of the same order of magnitude as the time for a typical particle
to pass through the nozzle, then deviation from equilibrium is likely. Con-
versely, if the equilibrium time is orders of magnitude less than particle
flight time, equilibrium may be approached in the nozzle. If equilibrium is
approached and the energy recovery associated with the recombination
processes represents a significant portion of the total change in gas enthalpy
(from entrance to exit), then the thrust can be expected to increase.

For diatomic molecules,

gOL 1/2nA= (14)

d (A2 )

dt

where t is the time required for recombination of all the atoms (of a part-
icular type) in a unit volume, nA is the number density of the atoms and
d (A2) is the volumetric recombination rate. If the variation of nA and

dt
of d (A2) is known in a nozzle flow, the recombination time as a function

dt
of nozzle length or area ratio can be estimated.

Particle flight time can be determined by measuring the area under
a curve of reciprocal velocity versus nozzle axial distance. Since we are
concerned with orders of magnitude of time, such a computation seems to
be of undue refinement. A simple estimation of flight time based on the
assumption that

xv exit

flight vg avg 2avg2

is in order.

Seeding

Molecular recombination rate increases with an increase in the
number and size of the third bodies present. Accordingly, foreign particles
placed in the nozzle flow may conceivably increase thrust, if the diameter
of these particles is much greater than that of the atoms and molecules in
the system. -
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For hydrogen, the recombination rate with foreign third body
injection is

d(H) -[d12) +1. 52 x 10-5 T n~Hfu [ 1.77 x lo-16 a~ +l1/ 2ai (15)dt t PHu U_u  (5

where d (H1)1 is the recombination rate without seeding, or is the

L-dt Jo
foreign particle diameter, or >> and M is the mass uf one foreignu H u

particle. Inspection of equation (15) indicates that the recombination rate
will i,,crease with: an increase in foreign particle concentration and dia-
meter, and a decrease in its mass.

Estimation for Typical Thruster Flow

An estimation was made (see Figs. 37 & 38) of equilibrium time with
and without seeding, and particle flight time for two different chamber
conditions (1. 0 and 10 atmosphere pressure and 3000'K) for hydrogen. The
chamber conditions chosen correspond to an impulse of about 1000 seconds.
Equilibrium time and time for all atoms to recombine are essentially the
same for a nozzle exit area ratio of 100, for the given example. The seed-
ing material considered was one micron diameter graphite particles at a
concentration of 109 cm- 3. The changes in enthaipy for hydrogen in equili-
brium flow from chamber to exit at A/A* = 100 for the two cases (1.0 and
10 atmospheres chamber pressure) are about 15, 000 and 10, 000 calories
per gram, respectively. If equilibrium were achieved within the nozzle the
energy release would be about 20, 000 and 9,000 calories per gram of gas,
respectively. Therefore, if equilibrium were attained a considerable
increase in thrust would be obtained.

The conclusions drawn from this estimation are:

(1) For hydrogen at an Isp of 1000 seconds and chamber conditions
of one atmosphere pressure and 3000'K, significant recombin-
ation probably will not occur in a typical arc-jet thruster, with
or without seeding.--(The same conclusion would be obtained

even if the seed concentration and particle size were at practical
high limits. )

(2) At ten atmospheres chamber pressure and Isp of about 1000
seconds, significant recombination may take place, with seeding,
if the nozzle length is of the order of one foot.

Conclusions on Recombination

1. A reliable ev ±uation of the recombination characteristics of
propellants must be based on experimental measurement.
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2. The possible contribution to thrust from recombination of
dissociation products is roughly the same for H2, iAH and NH 3 ,
per mole of initially undissociated propellant. On this basis
hydrogen is of course superior because of its low molecular
weight.

3. It is unlikely that significant recombination will take place in an
arc thruster nozzle unless foreign third body seeding is used in
conjunction with high pressure operation (- 10 atmospheres
chamber pressure).
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RECOMBINATION EXPERIMENTS

The recombination of hydrogen in nozzle flow has been studied recently
at Plasmadyne (NASA Contract No. 8-844).

An arc generated hydrogen plasma was expanded through a water-
cooled mixing chamber and converging-diverging nozzle with a conical exitsection. Six groi,-,s of sapphire windows were located in the side wall of

the nozzle, equally spaced along the nozzle axis. In addition, static pressure
taps were integrated with each group of windows. A schematic diagram of
the apparatus set-up is shown in Pi-ure 39. Two measurements were made
at each axial station of the nozzle, static pressure and degree of dissociation.

Pressure Measurements

The static pressure was measured using simple U-tube manometers.
One side of each manometer was connected to a fore pump which can evac-
uate to a pressure of the order of 10 microns of mercury. For such an
arrangement the pressure measurement error was estimated to be less
than 2 per cent.

Spectrographic Measurements

Spectroscopy was used to identify the species present in the flow. The
ratio of the intensity of a hydrogen atomic line to that of a hydrogen molec-
ular spectrum was measured and used to obtain the degree of dissociation.

This method is based chiefly on three assumptions. (1) the partition
function is a constant. (2) the upper energ, levels of the molecular and
atomic species of interest are equal and (3) the portion of the plasma on
• 'hich the spectrograph is focussed is in local thermodynamic equilibrium.

The partition function Z depends on temperature. But for a moderate
temperature range such as that present in this experiment ( 2000' - 6000'
K. ), Z can be considered a constant and can be computed by summing over
the ground states or01 v.

0

The spectral lines used to determinuwere the H. llne (4101. 735A)
and the hydrogen molecular line at 5615. 6A. These two %pecies have upper
energy levels of 13. 154 e. v. and 13. 191 e. v. respectively. The measured
intensities were corrected for self-absorption by the plasma. For given
op,'rating conditions the intensity of line radiation is the most important
factor in dete:mining the degree of self-absorption.

The self-absorption was determined as follows: A concave mirror
was placed so that The plasma was between the mirror and the spectrograph.
Then intensity measurements were made both with and without the mir:or
in place. The absorp~tion coefficients were then computed using the follow-
ing relation:
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Where Io is the intensity of the emitted radiation, I is the intensity
after some absorption, d is the distance the radiation travels through the
absorbing medium, and a is the absorption coefficient.

The experimental data were compared with the theory of K. N. C.
Bray (Ref. 41), which is based on the quasi one-dimensional inviscid
isentropic flow of an ideal dissociating gas. See Figure 40. Bray's theory
is probably not applicable to our case because viscous effects in our nozzle
may have been great and the flow was obviously non-isentropic. However,
the degree of dissociation did decrease by more than one order of magnitude
between the nozzle throat and exit, according to the spectral measurements.
The data therefore at least indicate that the flow was approaching equilibrium
(not frozen) as it progressed out the nozzle.

Future experiments will be performed using nozzles with improved
cooling systems (for example, the portions of the nozzle upstream and
downstream from the throat will be separately cooled to simplify analysis)
higher expansion rates and increased gas flow rates. Viscous effects will
thus be decreased. The viscous effects will be studied by means of radial
survey measurements of v:arious gas dynamic properties. The effects of
seeding on recombination and on plasma electrical conductivity will also
be examined.
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HEAT TRANSFER PROBLEMS

The heat transfer analysis of an arc-jet engine can be quite extensive.
The performance of the entire engine is very closely related to heat trans-
fer phennomena. The arc itself transfers heat into the incoming propellant
by convection and radiation. It also radiates to the chamber and tunnel
walls and to the surroundings. Concentrated heat loads are transferred to
the electrodes from the anode and cathode arc fall regions. The hot plasma
transfers heat by convection to the throat and nozzle walls and also loses
energy to the surroundings by radiation. The engines are usually cooled
by radiation from the external body and also the situation is complicated in
most cases by regenerative cooling systems. In this section a few of these
problems will be briefly discussed.

Thermal and Viscous Losses (Taken in part from Ref. 43)

The strong influence of Reynolds number on heat transfer and viscous
losses may be illustrated by a simple model where the nozzle is sufficiently
long that equilibrium temperature and velocity profiles may be assumed as
in pipe flow. Usually only the liminar flow case is considered since it is
in thc low Reynolds number regime where losses are most severe. Most
of the arc engine nozzle designs fall in low Reynolds number regime and
laminar flow is expected in the nozzle. This is true at both high and low
powers when high specific impulse operation is required. An examination
of FL'ure 41 shows that for a 300 KW, 2000 second engine the nozzle throat
Reynolds number is only 1500 at an arc chamber pressure of one atmosphere.
Plasmadyne's one KW engine operates at a Reynolds number of 400. This
low number is because of the high viscosity, and thermal conductivity
associated with these high gas temperatures.

For the case discussed the viscous loss ratio can be expressed
64 L

Viscous loss rate 64"

Kinetic Energy rate Re

while the heat transfer loss ratio may be written

heat transfer loss rate -17.5D - Tal 1energy input rate T ReP r

where (I/D) = Length to Diameter ratio

Re,Pr = The Reynolds and Prandtl numbers
T = Temperature
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In both cases the percentage loss varies inversely as Reynolds number. For
short nozzles a better model might be one considering a thin boundary layer
building up as it does on a flat plate. In this case, the percentage losses
vary inversely as the square root of the Reynolds number. For the scale
of thermal losses shown in Figure 41 an intermediate case is assumed
where losses vary inversely as the three fourths power of the Reynolds
number. This scale only indicates trends. The viscous losses have been
found approximately equal in magnitude to the thermal losses for the sim-
plified cases that have been calculated.

Radiation Heat Loss

in addition to the convective heat loss discussed above, heat is also
lost from the gas to the nozzle and arc chamber walls by radiation. There
are two types of radiation which must be considered, continuum radiation
and line radiation. The continuum radiation is caused by the encounters of
electrons and ions and is so named because the energy distribution is a
continous function of frequency and therefore yields a continuous spectrum.
It includes both Bremsstrahlung (caused by free encounters in which the
electron is not captured by the ion) and recombination radiation (caused by
free-bound encounters in which the electron is captured by the ion). The
line radiation, by comparison, is a result of the transition of bound electrons
between various discrete energy levels, resulting in a line spectrum.
Determining the total energy radiated from the plasma then consists of
determining the sum of the continuum and line contributions. Continuum
has been investigated by many authors.

Reference 44 contains a fairly complete summary for hydrogen. The I
result for the Bremsstrahlung radiation is that the radiated power per unit
volume is proportional to the product of the electron number density times
the ion number density times the square root of the temperature. It should
be noted that this is also proportional to the number of collisions per unit
time and volume since the mean velocity of an electron is proportional to
the square root of the temperature and therefore for a given mean free
path (number density) the frequency of collisions is proportional to thevelocity.

The Bremsstrahlung radiation flux out of the surface of a 1 cm dia-
meter cylinder is shown for a fully ionized gas in Figure 42. These curves
are, of course, only valid for pressures and temperatures at whichthe gas
is fully ionized. At lower temperatures these curves should be modifiedto account for the lower ionization fraction. These lines then represent the

upper limit of radiation from a fully ionized hydrogen plasma. They have a
negative slope because they were calculated for constant pressure and there-
fore as the temperature increased the number density must decrease. Since,
for a fully-ionized gas, the radiation is proportional to the square of the
number density, and the temperature to the one-half power the radiation per
unit volume varies inversely with the three halves power of temperature.

A
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It should be pointed out that these curves also neglect re-absorption
of the radiation which, if included in these calculations, would result in a
curve which fairs into the black body limit shown on Figure 42. The
calculation, if re-absorption were included, would yield a result somewhat
as shown in the dotted line labeled B, depending on the pressure and per
cent ionization. Unfortunately, the contribution of the line radiation is
more difficult to analyze. The general form of the result, including line
radiation as well as recombination radiation, is suggested by dotted line
A. At the present time it appears that losses due to continuum radiation
will not be large for designs with an arc chamber pressure of one atmos-
phere. However, losses will increase with increasing pressure, although
only as the square root of pressure because the volume radiating is being
reduced for constant mass flow. Before final conclusions can be reached,
it will be necessary to evaluate the line radiation in this temperature
range.

The above discussion is only a brief description of the heat transfer
evaluation in the arc engine. A great deal of analysis in this field is
required to acquire a full understanding of the interrelation of the various
heat transfer processes.
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THE EFFECTS OF PRESSURE

The effects of chamber pressure on the arc-jet engine operating mode
are quite extensive. The various factors which are dependent on pressure
have been discussed, somewhat, in many other sections of this report.
Here they will be listed to illustrate the importance of this parameter. The
discussion as it pertains to the different propellants would be quite lengthy.
If one were examining an engine using a particular propellant, optimum
designs could only be achieved by making a complete system survey on the
effects of pressure variation. Pressure variations effect the following
factors:

1. The degree of dissociation and ionization decrease with increasing
pressure all e!se being equal.

2. Conductivity - since the conductivity varies roughly with the degree
of ionization - conductivity would decrease for increases in pressure.

3. Frozen flow efficiency - for a given specific impulse, the frozen flow
efficiency would increase with increases in pressure.

4. Recombination of particles in the nozzle tends to increa-.se greatly
with increase of chamber pressure.

5. Sputtering - The amount of electrode material loss due to sputtering
would decrease slightly with greater pressures.

6. Vaporization of the hot metal electrodes and nozzle would tend to

decrease as the pressure were raised.

7. The Reynolds Number in the nozzle will increase as the pressure.

8. The viscous loss rate and the heat transfer loss rate will decrease
as the Reynolds number is increased and Reynolds number varies
with pressure.

9. The radiation heat loss increases as the temperature and pressure.

10. The initiation of the arc will be altered by increases of the pressure.
For a given starting voltage the minimum elecf-dc gap will be
decreased as pressure is increased.

From the above, it would seem that any increase in pressure would
lead to higher performance and longer operating life. Experience to date
on arc-jet engine tests has shown this to be true. However, at very high
pressure the radient heat loss, it is believed, becomes quite significant.
This leads to the conclusion that for each engne geometry, power, flow
rate, and propellant there is an optimum pressure to use for best perfor-
mance.
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THE USE OF MISSION STUDIES IN PROPELLANT EVALUATION

The final choice of a propellant will depend on the mission which is
being considered. The following mission characteristics should be taken
into account in making a selection:

1. Desired Duration of the Mission

The urgency of completing a mission varies widely and depends on
such factors as the competitive nature of the mission's purpose; the
life of essential equipment, such as the power supply, possible
radiation or meteorite damage, the effect of thrust level on the
*characteristic velocity needed for performance of the mission,
whether or not the vehicle is manned, and, in some cases, timing of
the movement of other vehicles or bodies involved in the mission.
If the mission must be of short duration, the tendency will be to
choose a propellant which provides good performance in a low or
moderate specific impulse range so that higher thrust levels may be
attained. The storability of a propellant will, of course, be of less
importance for shorter missions. Both the operating time and the
total mission time including waiting and coasting periods must be
considered since one is of importance with regard to power plant
lie and the other with regard to the propellant storage problem.
For a round trip, it may be advantageous to use a cryogenic pro-
pellant for the first portion of the mission, and a storable propellant
for the return leg.

2. The Vehicle Size

The size of the vehicle affects the propellant choice in several ways.
First, it affects the thruster performance. In general, in the larger
sizes the losses are reduced and this makes it feasible to operate at
a higher specific impulse with a given propellant. Thermal losses
and viscous losses are both reduced as size increases: and, if the
thruster is large enough, it becomes reasonable to expect some
recombination in the nozzle (particularly with high arc chamber
pressure). The use of high arc chamber pressure with a cryogenic
propellant becomes more practical in large sizes because it becomes
reasonable to incorporate cryogenic gas pressurization equipment and
liquid metal cooling systems, both of which appear to be necessary if
the full advantage of high arc chamber pressure is to be realized.

* The characteristic velocity for performance of a mission is herein
defined as the ratio of thrust to total vehicle mass integrated over the
duration of the mission.
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Secondly, the size of the vehicle affects the power plant weight to
power ratio. On the basis of present plans, it appears that much more
favorable weight to power ratios will be available in the high power ranges.
This means that large vehicles will be able to operate at higher specific
impulses without too severe a cost in operating time, since the necessary
powe r for high thrust with high specific impulse can be made available. In
these cases, a propellant which gives good performance at high specific
impulses should be selected.

Finally, the size of the vehicle affects the propellant storage problem,
particularly for cryogenic propellants. For example, if we examine the
cryogenic storage tap! for a one kilowatt arc- jet engine and a one megawatt
arc-jet engine (holding other factors the same) the following comparison
results:

Ratio of powers (106 to 103) 1000 to 1
Ratio of propellant masses 1000 to 1
Ratio of tank surface areas 100 to 1
Ratio of practical insulation thicknesses

(Fixed ratio of insulation mass to
propellant mass) 10 to 1

Ratio of evaporation rates 10 to 1
Ratio of practical storage times 100 to 1

Since the practical storage time for the one megawatt size is ro,,ghly
100 times as great as for the one '"o"watt size, the storage of cryogenic
propellants clearly becomes a i -ss severe problem as size increases.
Cryogenic propellants can be parti .-arly advantageous in the large size
ranges.

3. The Orbit Requirements

The total characteristic velocity which the engine must be capable of
providing during the mission is a function of the vehicles destination
and the time available for travel A number of approximate solutions
(see for example Ref. 45) have been made for determining the
characteristic velocity required for spiraling out into desired orbits.
In addition, Reference 46 gives machine solutions for a systematic
family of spiral paths into orbit. When the characteristic velocity
has been summed for all of the powered portions of the mission, the
required propellant mass can be determined from the rocket equation:

M. Vc
initial V c

M. M Ia
initial propellant spg

To avoid having the propellant mass an unreasonably large fraction
of the total mass, it is necessary to increase the specific impulse as
characteristic velocity increases. Thus, propellants suitable for
high specific impulse should be favored for missions requiring large
characteristic velocities.
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Due to the large number of variables involved, a general study has
not been made to indicate the best propellant choice'for any particular
mission. In making an evaluation for a specific mission, the follov ing
procedure could be followed:

1. Choose a number of propellants and a range of specific impulses for
each propellant.

2. For each combination of propellant and specific impulse choose a
number of power levels and find corresponding power supply weights.

3. For each point (that is, each combination of propellant, specific
impulse, and power level), estimate losses in the thruster and
determine thruster efficiency and the thrust level

4. For each point, calculate the powered orbits needed to perform the
mission and determine the required characteristic velocity and
mission duration.

D. For each point, calculate the propellant weight required using the
rocket equation and estimate the tank weighi including sufficient
insulation to store propellant for the duration of the mission.

6. For each point, estimate the weight of power conversion equipment,
the propellan' metering system, thruster control equipment, the
thruster itself, and structure related to the propulsion equipment.

7. For each point, determine the gross payload weight defined as total
initial vehicle weight minus the weight of propulsion related equipment
and propellant.

8. Plot the ratio of total initial vehicle weight to gross payload weight
as a function of mission duration, and draw an envelope under the
resulting family of curves. Since both of these parameters (payload
weight ratio and mission duration) are of primarN importance. the
design selected should lie close to the envelope and be near a "knee"
in the envelope curve that represents a reason:,ble compromise
between the desire for a high payload weight ard a short mission
duration.

The family of curves resultirg from the above procedure will
indicate preferred propellants since the curves foi the most desirable
propellants will be close to the envelope in the region of interest. Figures
43 and I4 show two families of curves obtained in this manner but using
simplifying assumptions. The curves are for illustration purposes only.
Figure 43 is for a one way trip to the moon while Figure 44 is for a round
trip to the moon. Only curves for hydrogen are shown. The following
simplifying assumptions are involved:

:M1
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1. The power supply weight factor is taken as 10 pounds per
kilowatt for all power levels considered.

2. The thruster efficiency i6 "ken as equal to the ideal frozen
flow efficiency for each specific impulse considered.

3. Orbits were estimated using the approximate method outlined
in Reference 45. Resulting characteristic velocities and
coast times are shown in Figure 45 as a function of thruster
operating time.

4. The propulsion system weight is assumed to consist of power
The~ drplso proell weioweight and propellant wei-ht only. The weight ofother equLp.-. .,, ". .

An interesting :est,.,t o1 this calculation is that the 1500 second
curve does not touci, the envelope because of the reduced frozen flow
efficiency occurring in this specific impulse range.

Although a general study using the procedure outlined and carrying a
range of mission types would be a major undertaking, an abreviated study
covering a few selected missions would be a worthwhile guide to future
arc-jet development work.
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EXPERIMENTAL THRUSTER PERFORMANCE EXPERIMENTS

Plasmadyne has been engaged in arc-jet engine development programs
for the past several years. This includes work on the design of a low thrust
engine from 0. 01 to 0. 1 pound, to operate at a specific impulse of 1000
seconds. (Contract No. DA-04-495-21x4992. 506-ORD-1806.) This study
examined overall performance as effected by such things as nozzle geometry,
hot or cold wall operation, materials and chamber pressures. In addition,
work is now in progress to develop a 30 KW plasma jet for the Air Force.
This operates at a mid range specific impulse using hydrogen as a fuel. It

-is a hot wall design using a tungsten nozzle and anode. The life of the
engine is believed to be over 100 hours and life tests are currently being

- performed. This size thruster (30 KW) has been designed to operate using
ammonia as the propellant at AVCO. Because of the more severe operating
characteristics involved with using ammonia lower efficiencies at similar
specific impulses were measured.

Water-cooled arc-jets were operated with many different propellants,
especially early in the engine development programs. Because they are
inherently less efficient than the hot wall design, this type of engine was
eliminated for use as a space engine. Cold wall tests have been run at
high power levels for extended periods of time using hydrogen, helium and
ammonia as propellants. For example, using hydrogen, specific impulses
as high as 2100 seconds using power levels of up to 130 KW have been
achieved. Helium has been operated at power levels of 30 KW and Isp of
1000 seconds. Thrusters using ammonia and 90 KW at Isp as high as-1400
have also been tested (Contract No. AF 49(638)-766).

In this program a series of propellants were tested using a modifica-
tion of the Plasmadyne 1 KW engine designed under a NASA contract. The
modification that was used is less sophisticated and costly to manufacture
than the high performance NASA engine. At 1 KW and an Isp of 1100 seconds,
the efficiency of the advanced thiuster on hydrogen is over 35 per cent
(Taken from unclassified Ref. 48). As described in the following sections,
the modified Cute V thruster runs at a lower efficiency (25 per cent). The
life of these thrusters is controlled by the amount of erosion of the tungsten
nozzle-anode insert. Essentially, the same thruster was run for each
test using a new insert when required. The replaceable anode allowed the
testing of a large number of different propellants in a reasonably short
time. The propellant tests using the 1 KW engine were sponsored jointly
under this program and the NASA-Plasmadyne 1 KW development program.

The use of this low power engine is an extremely severe test for
propellant evaluation. Operating difficulties are magnified and failures
occur after very short test runs. Propellants which show marginal perfor-
mance in these tests might be quite adequate in large powered arc-jet
engines.
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EXPERIMENTAL ARC-JET ENGINE

The evaluation of the periorman'c data reported for the propellants
investigated under this program requires knowledge of the thruster
utilized in the program. The thruster is a Plasmadyne developed design
designated Cute V and shown in Figure 46 and 47. This thruster was
developed under" a NASA contract and an extensive description of the
thruster and ; s performance w-Lh hydrogen and ammonia as propellants
can be found in References 47 and 48. The thruster is basically a
radiation cooled unit and was designed to operate on hydrogen at an input
power of 1 KW. The Cute V thruster is made with 2 per cent thoriated
electrodes, encased in molybdenum housings. Boron nitride was used as
the insulator material. Sealing was provided by using high temperature
inconel seals. The unit is one and one-half inches in diameter, two and
one-half inches long and weighs 600 + grams.

The unit was designed to operate with a negative rear electrode and a
positive front electrode, which doubled as the nozzle. The basic arc
region geometry consists of a cathode with a 300 half angle and an anode
with a 450 inlet half angle, a 0. 009 inch diameter throat and a 300 exit
cone half angle. The expansion ratio is approximately 200. The gap
setting, the distance between electrodes, is normally 0. 025 inches. The
thruster described above or modifications thereof was used throughout
the experimental investigation portion of this program.

Optimized or nearly optimized performance with an electrothermal
or plasma device involves a complicated analytical and experimental
evaluation of the complete thruster. Of particular importance is the
selection of the arc chamber geometry and gap setting. The selection of
the proper arc chamber geometry and gap setting requires know!edge of
the design flow rate, the input power, the expected performance and the
associated arc chamber pressure and temperature under equilibrium
operation.

The above mentioned complexities represent only a portion of the
difficulties. They are, however, sufficient to show that such an optim-
ization was beyond the scope of the program undertaken. Therefore, the
goal of this investigation was to obtain useful data which would permit a
valid experimental comparison of propellants without optimization of the
design for each of these propellants. The propellants selected for
evaluation were hydrogen, helium, argon, nitrogen, ammonia, methane,
air and lithium hydride.
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HYDROGEN EXPERIMENTAL RESULTS

The operation of the Cute V thruster with hydrogen resulted in good
performance. With an input power of 1 KW and a mass flow of 10-5 lbs sec.
the unit produced approximately 0. 01 lbs. of thrust. The specific impulse
was approximately 1000 seconds with a kinetic efficiency of approximately
25 per cent. Kinetic efficiency being that percentage of the input power
across the thruster found in directed kinetic energy. The normal operation
of this design at the above conditions of flow and power were obtained at
an 80 to 90 volt and 12 to 14 ampere level. Arc chamber pressure was
nominally 5 atmospheres. Under normal operation approximately 60 per
cent of the input energy across the thruster is transferred to the gas with

-' the rest accounted for as thermal losses in the thruster. The thermal
losses to the thruster result in an equilibrium operating temperature of
approximately 9750 C on the outside surface. The life of the unit is
approximately 10 to 12 hours. The present life limitation of the thruster
is due to the slow, steady ablation of the nozzle throat (anode). This
decreases the arc chamber pressure causing a corresponding decrease in
voltage, an increase in current which results in a deterioration of per-
formance. The hydrogen plume at the above listed operating conditions
is approximately 2 to 2-1 '2 inches long and 1 2 to 3'4 inches in diameter.
The test chamber pressure is 1 mm of Hg in all tests described. The
color was an intense reddish pink with a whitish-yellow core at the nozzle
exit. Operation is extremely stable and the erosion or ablation rate is
very low so that molten electrode discharge is not noticeable.

HELIUM EXPERIMENTAL RESULTS

Operation with helium as the propellant was sustained in four separate
- sts. Total operating time was in excess of one and one-half hours. All
units operated between 20 to 40 volt and 10 to 20 amperes. The input
power varied between 750 and 300 watts. Several arc region geometries
were tried. Flow rate operation was between 1. 3 x 10-5 and 4. 0 x 10-5
lbs,'sec. The flow rate could not be reduced for any of the tests: attempts
to do so resulted in operation at an extremely detrimental (high erosion)
thruster condi'ion. Performance data was obtained for all tests and is
reported below.

Helium Test No. 1 -- This unit was tested with the normal arc
chamber geometry. The cathode inlet half angle was 300, the anode inlet
half angle was 45 , the throat diameter was 0. 009 inches, the throat
length 0. 010 inches and the gap was set at 0. 025 inches. For all tests
in this program the nozzle exit cone half angle and expansion ratio were
unchanged. The test duration was in excess of 30 minutes. The thruster
was operated at a mass flow of 2. 2 x 10-5 lbs sec. with an input power
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of 600 watts and produced approximately 0. 01 lbs. of thrust. The specific
impulse was approximately 450 seconds with a kinetic efficiency of 16 per
cent. The unit operated at the 35 volt and .7 ampere condition with an arc
chamber pressure of 7 atmospheres. Molten expulsion of tungsten was
observed throughout the test. The helium plume was short (about 1 to
1-1/2 inches in length) and very dispersed (approximately 1+ inch in
diameter). The plume was pinkish with a whitish core at the throat.

Helium Test No. 2 -- This test was a continuation of Test No. 1. The
exit was not modified between runs. The arc-region geometry was unchang-
ed except for the erosion of the nozzle throat. The test duration was in
excess of 24 minutes. The thruster was operated at a mass flow of 1. 3 x
10-5 lbs sec. with an input power of 360 watts and produced approximately
0. 006 lbs. of thrust. The specific impulse was approximately 475 seconds
with a kinetic efficiency of 18 per cent. The unit operated at the 30 volt
and 12 ampere condition with an arc chamber pressure of 5 atmospheres.
The thruster expelled molten tungsten throughout the test indicating a
very high erosion or ablation rate. The plume size, shape, and color was
as described for Test No. 1.

Helium Test No. 3 -- The thruster utilized for this test was modified
from the standard arc-region geometry. The modification made was to
increase the gap to 0. 035 inches. It was thought that this modification
would increase the operating voltage permitting higher input power to the
thruster. The test duration was in excess of 24 minutes. The thruster was
operated at a mass flow of 1. 5 x 10-5 lbs sec. with an input power of 400
watts. The unit produced approximately 0. 006 lbs. of thrust at a specific
impulse of approximately 375 seconds and a kinetic efficiency of 11 per
cent. The operating voltage was 36 volts with a current of 11. 5 amperes.
The arc chamber pressure was approximately 6 atmospheres. The plume
size, shape and color was as previously described. Expulsion of molten
tungsten was continuous and appeared more severe than in the previous
tests. The changing of the gap length did not increase the operating
voltage level of the unit. It is felt that the decrease in performance
(both specific impulse and efficiency) was due to the gap length. It is felt
that the change caused the arc foot to strike the anode upstream of the
nozzle throat increasing both the heat transfer and viscous losses.

Helium Test No. 4 -- For this test the normal arc chamber geometry
was modified. The modification included the reduction of the cathode
half angle to 15 degrees and the setting of the gap to 0. 014 inches. These
modifications were made to simulate the design existing on commercial
water-cooled units utilizing helium. The test duration was in excess of
15 minutes. Operation was conducted at a mass flow of 1. 0 x 10 - 5 lbs sec.
and an input power of 370 watts. The thrust produced was 0. 005 lbs. at
a specific impulse of approximately 550 seconds and a kinetic efficiency of
17 per cent. The unit operated at the 30 volt 12+ ampere condition at an
arc chamber pressure of 4 atmospheres. The thruster continuously expelled
molten tungsten. The plume size, shape and color was as previously
described. The increased performance of this test appears to be the result
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of the arc region geometry changes made, but confirmation of the test
results (with a unit of similar geometry) are necessary before a definite
conclusion could be reached.

ARGON EXPERIMENTAL RESULTS

Operation with argon as a propellant was sustained in four separate
tests. Total operating time was in excess of 30 minutes. All units
operated at an 18 to 20 volt and a 7. 5 to 15 ampere level The input power
varied from 130 to 300 watts. Two different arc region geometries were
tried at flow rates of 2. 0 x 10-5 to 5. 7 x 10-5 lbs sec. The geometries
were (1) the standard hydrogen configuration and (2) the geometry
described in helium Test No. 4.

At the above power to flow ratio it is extremely difficult to obtain
satisfactory performance (regardless of the variety of propellant used).
Consequently, the performance obtained was only slightly above cold flow
specific impulse with negligible kinetic efficiencies (approximately 3 per
cent). The power to flow ratio could not be increased (by reducing flow)
because operation, even at the above designated levels, was extremely
severe. The maximum test duration sustained was 15 minutes. The
failure mode for all the units was plugging of the nozzle throat. "Plugging"
is the term used to describe the plating of both anode and cathode electrode
material in the nozzle throat which ultimately completely closes the throat.
This mode of failure is due to the fact that the molten electrode material
is not expelled with the nozzle exhaust as it was in operating with helium.
It is felt that plugging results when the anode arc foot is upstream of the
nozzle throat permitting ablated or eroded tungsten to solidify prior to
expulsion from the unit.

NITROGEN EXPERIMENTAL RESULTS

Operation with nitrogen as the propellant was sustained in four
separate tests. The total operating time was in excess of one hour with
the longest test in excess of 25 minutes. Three different arc region
aeometries were tried. Data was obtained at voltage levels between 54 and
0 volts and currents ranging from 12 to 33 amperes. The input power

varted from 400 to 1200 watts. Flow rates were varied between 2. 75 x
10-0 to 3. 00 x 10- 5 lbs sec. Performance data and operation is reported
separately for each test.
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Nitrogen Test No. 1 -- This unit was tested with the normal or
standard arc chamber geometry (see description in Helium Test No. 1).
The thruster was operated at a mass flow of 2. 8 x 10-' lbs sec. with an
input power of 1. 2 KW. The arc chamber pressure was 1. 5 atmospheres,
due to the nozzle throat erosion of previous tests. The unit produced
approximately 0. 008 lbs. of thrust at a specific impulse of 270 seconds and
a kinetic efficiency of 4- per cent. The thruster operated at 34 volts and
34 amperes. The thruster continually expelled molten tungsten material.
The plume was approximately two inches long and one inch in diameter
(similar to hydrogen). It was basically pink in color with overtones of an
orange hue. Nitrogen and hydrogen were the only propellants operated
with a satisfactory plume shape (i. e., a long, concentrated and intense
plume as opposed to the short, diffused plume experienced with the other
propellants).

Nitrogen Test No. 2-- This thruster had the standard arc chamber
geometry and was operated at a mass flow of 2. 6 x 10- 5 lbs sec. with an
input power of 230 watts. The arc chamber pressure was approximately
3. 5 atmospheres. The test duration was in excess of 10 minutes. A
thrust of 0. 01 lbs. was obtained at a specific impulse of 260 seconds and
a kinetic efficiency of 7. 5 per cent. The thruster operated at a 54 volt and
15 ampere condition. The different operating mode from that of nitrogen
Test No. 1 is primarily due to the (1) higher arc chamber pressure and
(2) the different geometry (newlv fabricated unit was used for this test).
The plume size, shape and color was similar to the plume described in the
first nitrogen test.

Nitrogen Test No. 3 -- The arc chamber geometry of this unit was
modified. The modification included the change of the cathode half angle
to 200 and the gap to 0. 014 inch. The thruster was operated at a mass
flow of 2. 9 x 10-D lbs sec. with an input power of 510 watts. The unit
produced 0. 008 - lbs. of thrust at a specific impulse of 280 seconds and a
kinetic efficiency of 10 per cent. The unit was operated for a duration of
12 minutes. The arc chamber pressure was 1 atmosphere and was caused
by a short period of extreme erosion early in the test. The thruster
operated at 30 volts and 17 amperes. Expulsion of molten material was
evident throughout the test and the plume shape, size and color was as
previously described.

Nitrogen Test No. 4 -- This thruster was modified to have a cathode
half angle of 15' and a gap setting of 0. 014 inch. The mass flbw was set
at 2. 75 x 10-5 lbs sec. with an input power of 550 watts. The thrust
produced was 0. 009 lbs. at a specific impulse of 350 seconds and a
kinetic efficiency of 13 per cent. The thruster operated at the 40 volt and
13 ampere condition at an arc chamber pressure of 4+ atmospheres. The
plume was as previously described. The expulsion of molten tungsten was
evident. but did not appear as severe as in the other tests conducted with
nitrogen.
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AMMONIA EXPERIMENTAL RESULTS

Although many attempts were made to obtain experimental data, only
two could be classified as successful. One was a prolonged duration test
which will be described below. The second was a short duration operation
conducted as part of an extensive hydrogen test. Operation was conducted
at points similar to those of hydrogen because of the specific attention
lately given to this propellant. Complete coverage of these tests is
reported in Reference 47.

Ammonia Test No. 1 -- This test was conducted with a unit of standard
geometry. The mass flow was set at 1. 4 x 10-5 lbs/sec. at an input power
of 840 watts. The thrust produced was 0. 0057 lbs. at a specific impulse of
390 seconds and a kinetic efficiency of 6 per cent. Operation was sustained
at 60 volts and 14 amperes with an arc chamber pressure of 3 atmospheres
for a duration in excess of 83 minutes. The plume was diffuse and a
whitish-yellow in color. Molten expulsion of electrode material was
evident but appeared sporadic indicating an instability in the operating
mode.

Ammonia Test No. 2 -- The unit was operated with the standard arc
region configuration. The ammonia operation, however, was not begun
until operation with hydrogen had eroded the throat considerably. Operation
was sustained for 22 minutes. The ammonia flow rate was set at 1. 1 x 10-5
lbs/sec. with an input power of 920 watts. The unit produced 0. 006 lbs. of

i{ thrust at a specific impulse of 550 seconds at a kinetic efficiency of 8 per

cent The unit operated at 59 volts and 15 amperes at an arc chamber
pressure of 2+ atmospheres. The plume size shape and color was as
previously described. The expulsion of molten material was continuous
and more severe than that which occurred in Test No. 1.

METHANE EXPERIMENTAL RESULTS

Two successful tests were conducted utilizing methane as the propeilant.
Each test was approximately 4 minutes in duration. Reliable Performance
data, however, could not be obtained because operation was at an extremely
detremental condition. The standard arc region geometry was used for
both tests. The mass flow was set at 1. 55 x 10-5 lbsi sec. and the
thruster power input was 1200 watts. This operating condition was
sustained at 60 volts and 20 amperes. The units, when started, sustained
a rapid increase in pressure indicating a build-up of electrode material in
the nozzle throat. The build-up continued until the throat was completely
plugged.
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Both units tested operated in the above described manner and the
failure mode was the same in both tests. The plume was short and diffuse.
It was whitish-blue in color and appeared to have a hot core. Large
quantities of electrode material were expelled through the nozzle during
the entire test.

AIR EXPERLMENTAL RESULTS

The attempts to operate a thruster on air were unsuccessful. The
units, in all cases, plugged on start. The mode of failure indicated
extremely high current density in the throat region liquifying the tungsten
electrode, resulting in plugging of the throat. Further testing to obtain
operation could not be conducted due to limited facility time.

LITHIUM HYDRIDE EXPERIMENTAL RESULTS

Operation with lithium hydride as a propellant provided difficulties
and complexities not normally encountered. These difficulties were due
to the fact that lithium hydride is a solid under ambient conditions and
because of the toxicity and other hazards associated with the material.
The use of this propellant also provided problems as to the obtaining of
useful data. These problems were primarily due to the incorporation of
the propellant storage tank and the associated heater to the thruster. This
mounting of the complete test unit (thruster, propellant tank. heater and
counterbalance) required that the center of gravity (cg) of the propellant
fall right under the cg of the beam so that there would be no zero shift
with change in propellant weight when utilizing the pendulum thrust beam
(see experimental test equipment). FIgure 48 shows the schematic of the
lithium hydride thruster experimental test set-up. The major portion of
the equipment shown is part of Plasmadyne's 1 KW experimental test
facility. The equipment unique for this test consists of the thruster,
propellant tank, heater and counterbalance. The disassembled components
are shown in Figure 49 (prior to installation of heater coil). The assenmbl
is shown in Figure 50, again prior to heating coil installation. The
thruster shown is basically a modification of the Cute V thruster previously
described. The unit was scaled down and excess anode housing material
removed to cause higher operating temperature The thruster had molyb-
anode and cathode housings with the electrodes of 2 per cent thoriated
tungsten. Boron nitride was used for the insulators. Serrated surfaces on
the molybdenum provided the sealing with the boron nitride insulators.
The propellant tank was made of molybdenum and consisted of casing, cap
seal, and retainer ring. The tank seal was to have been provided by -

serration on the molybdenum in contact with a boron nitride sealing ring N
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(shown in Fig. 49). The technique, however, was not successful in this
instance and an inconel seal was used in the actual test. The counter-
balance was fabricated from molybdenum and consisted of a simple threaded
shaft with adjustable kn.rled weights. The heater element consisted of
six pieces of boron nitride and approximately 20 feet of 0. 017 inch diameter
tungsten wire. The main portion of the heater being the two interlocking
boron nitride cylinders. The inner cylinder was grooved to hold the
tungsten heating coil. The cylinder was wound from bottom to top. The
assembly procedure required complete fabrication of the thruster compon-
ents prior to installation with the stainless steel Swaglock tee fitting. The
counter balance (unadjusted) was then connected to the fitting. The main
heater component was wound and slipped over the open-ended propellant
tank. The propellant tank was then secured to the tee fitting. The
fitting was taped with glass to electrically insulate the heater coil from
the negative potential of the fitting and propellant tank. The inner boron
nitride shells (grooved) were placed around the fitting and then the heating
coil wound. The outside shells were installed and secured with glass tape.
The heater wires were secured to the outside of the heater with a clamp
(not shown).

Prior to filling the propellant tank, the thrust beam center of gravity
,as checked. The thruster assembly was then placed on the beam and the
counterweights adjusted so that the center of gravity of the propellant tank
was in line wi'h the cg of the thrust beam. The assembly was then
removed from the beam, the lithium hydride placed in the propellant tank
(propellant wt. of 4. 175 grams), the propellant tank closed and sealed,
and the assembb, reinstalled on the beam. The cg location was rechecked
and the thrust transducer and electrical power and propellant leads con-
nected. The experimental test chamber was then closed, evacuated and
pruged with helium.

The test wtvas initiated by applying power to the thruster and introduc-
ing hydrogen flow. The operation appeared stable and normal for approx-
imately 6+ minutes. At this time the plume shape changed from the normal
hydrogen plume. The new plume was almost invisible to the naked eye,
but had a slightly blueish-purple hue. The thruster was shut down at this
point. The decision was made to continue operation although operation
with hydrogen was not normal (but satisfactory in performance). The
thruster was restarted and operated at increased hydrogen propellant flow.
Power to the heater was initiated and slowly brought up to the 90 volt, 9
ampere input power level. There was no noticeable color to the boron
nitride casing of the heater but the ends of the coil indicated operation at
about 1200°C. Since no evidence of lithium hydride appeared in the plume,
it is assumed that the propellant at this point was somewhere in the liquid
range. Power to the heater was increased to the 136 volt and 9. 5 ampere
level The thruster operation at this point was 15 volts and 10. 5 amperes.
At this time (approximately 12 minutes after second start) the first notice-
able trace of lithium was observed in the plume indicating propellant
temperature in excess of 8600 C. A bright red or carmine color was
observed definitely indicating lithium was passing through the thruster.

°t.
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At this point the hydrogen propellant was slowly decreased. A succession
of minor failures occurred at this point. The phenolic clamp holding the
heating element broke due to expansion of the heater, the heater lead
connections were not broken. This failure changed the zero thrust position
which is cg sensitive. A small leak developed .:t the bottom of the
propellant tank. The lithium hydride flow was sufficient to cause a glow
discharge to appear between the cathode of the thruster, the heater lead
and the anode of the thruster. In the area of the lithium hydride leak at
the bottom of the propellant tank a bright red glow was observed. During
the above, the temperature of the assembly was approaching equilibrium.
The complete assembly surface, except for the extreme end of the
counter balance appeared to be at approximately 1000 ° C. The plume of
the thruster contained a larger amount of lithium and was, therefore,
more intense and redder in color. Operation with lithium hydride at this
point had been sustained for 9+ minutes. Hydrogen flow was being
sustained at a low flow fate and continually being decreased. At this point
the bottom of the boron nitride heater case started to bubble and to shower
sparks throughout the test chamber. The showering of sparks continued
to the end of the test. Test termination occurred when the lithium hydride
was completely expended. The complete utilization of the lithium hydride I
occurred almost immediately after complete termination of hydrogen flow.
The increased temperature of the components at this time, due to continued
heater power caused a heater failure just prior to shut down of power. At,
this point helium flow was introduced into both the experimental test
chamber and the thruster and the assembly allowed to cool. Figure 51
shows the thruster on the beam after the test was completed. The broken
heater clamp is shown. The white coating on the inside of the test chamber
is RTV-11 silicone rubber coating. This coating was sprayed on the inside I
of the tank to simplify the removal of any residual free lithium.

Examination of the unit after sectioning was very helpful in interpreting
the failures and phenomena experienced during the test. The completely
disassembled thruster is shown with the sectioned propellant tank and
heater in Figure 52. As explained previously the clamp holding the
heater leads failed. This failure was primarily due to the (1) differential
thermal expansion between the heater and the phenolic clamp and (2) the
boiling out of the resin of the phenolic clamp. The seal failure of the
propellant tank was caused by the failure of the silver surface plated on the
inconel seals. This failure occurred when the seal temperature exceeded
the melting point of the silver coating. The bubbling and sparking of the
lower portion of the boron nitride heater casings is thought to be due to a
reaction between the lithium and the boric oxide binder of the boron nitride.
This reaction is exothermic and the additional heat input is felt to have
caused the failure experienced by the heater at the end of the test.

Examination of the heater parts revealed traces of free lithium
deposited on and/or in the boron nitride heater casing. Small amounts of
free lithium were also found in the bottom of the propellant heater case.
Examination of the tee fitting and the thruster, did not yield evidence of
free lithium. All thruster materials performed substantially well (except
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the heater clamp and casing). The broken piece of boron nitride (shown in
Fig. 52) was not the result of a test failure. Localized melting of the
stainless steel fitting occurred, and an embrittlement of the molybdenum
connector parts was evident. The tungsten heater coil also underwent
recrystalization.

The test was successful in that operation with lithium hydride wassustained for 12+ minutes. The failures, however, prevent the valid
reduction of data. The leakage and shifting of the thrust zero point cannot
be compensated for and any attempt to do so would yield data which at
best could be considered unreliable. From observation of the test, the
plume, and from the data that was taken, however, it is 7uessed that 20i
specific impulse between 400 to 800 seconds at a kinetic eficiency between
8 to 12 per cent were reasonable operating conditions. M.
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Figure 49 DISASSEMBLED COMPONENTS OF LITHIUM HYDRIDE
TEST EQUIPMENT

1) Thruster Anode an Nozzle
2) Boron Nitride Insulators
3 Cathode
4) Lithium Hydride Propellant Tank
5) Heater Components
6) Counter Balance
7) Fittings and Feed Line Connector
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Figure 50 LITHIUM HYDRIDE TEST ASSEMBLY (PRIORi TO
INSTALLATION OF HEATER COIL)

1) Thruster
2) Lithium Hydride Propellant Tank
3) Heater Assembly
4) Counter Balance
5) Connector Fitting
6) Hydrogen Feed Line Connector
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CONCLUSIONS ON THRUSTER EXPERIMENTS

A summary of the best test data obtained is shown in Table XIII.
Several conclusions can be made concerning the operation of an electrother-
mal arc-jet with each of these propellants. It is obvious that hydrogen has
the highest impulse and efficiency obtained to date. This is due to the
concentrated effort expended to obtain performance with this propellant.
Hydrogen is a useful propellant because it provides the least severe mater-
ials problem, and the lowest operating temperature at a given specific
impulse. This decreased severity gives it an advantage of longer useful
life. Ammonia and nitrogen appear favorable as propellants but are more
detrimental to thrusters than hydrogen. This detrimental condition limits
the useful life and provides an extremely severe materials' problem which
must be overcome. Helium appears favorable because of the high kinetic
efficiency but it is felt that the thruster operating with this propellant would
always have a shorter life than a unit utilizing hydrogen. The use of air,
argon, and methane provide extreme materials problems even at low
specific impulse operation. It is felt that the materials problems cannot
be overcome at this time. Reaction of both methane and air with the
electrode material at high specific impulse levels will provide further
difficulties which would be difficult if not impossible to overcome. Lithium
hydride, even if high impulse and kinetic efficiency levels were obtained,
has several serious drawbacks. The material requires additional power, 47
other than supplied to the thruster, to obtain the propellant in a useful
form (i. e., a gas instead of a solid). If reasonable response times are
required thie solid propellant must be constantly supplied with heat to keep
it in usable form. Use of lithium in the solid state is feasible but a
multitude of development difficulties have to be overcome.
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EXPERIMENTAL TEST FACILITY

The propellant evaluation program was conducted in the facility
primarily used for low power thruster development. The selection of this
facility was made due to (1) its adaptability to the program and (2) the
existence of a developed thruster at this level. The complete experimental
facility (pump, propellant and power supply not shown) is shown in Figure
53. The pump is mounted on a separate concrete slab and isolated from
the rest of the facility to minimize vibration. The power supply and
propellant stroage tanks are separated from the facility due to safety
considerations. The instrumentation console contains most of the
operation controls for the system. All necessary recorders and gauges
excluding those for the calorimeter are contained in the console.

The test chamber, designed by Plasmadyne, has three (3) access
doors. Tvo (2) of these are glass, which permit the viewing of the thruster
and its plume. The tank extension is necessary for the pendulum type
thrust beam. The top plate of this extension is utilized to bring in the
propellant feed line and the power cables. The calorimeter lines and the
thrust transducer electrical connections are located in the bottom plate,
directly below the thruster test section. The test chamber pressure line
is mounted in the center of the rear access door. The test chamber is
connected to the pump by means of a bellows. This stainless steel bellows
is one and one-half inches in diameter and four feet long. It is connected to
the pump with a single loop. The transmission of pump vibration to the
test chamber is eliminated by this bellows link. The heater power supply
leads were installed in the top plate. The blow off ports are located on the
downstream end of the tank.

The vacuum pump utilized is manufactured by Kinney. The model
number is KDH-130. The unit is driven with a General Electric induction
motor and has a 130 cfm. capacity at standard conditions. Th1is pump
maintains a test chamber pressure of 1 mm Hg at a 10-5 lbs sec. flow
rate of hydrogen.

The power supply is basically a Miller welding supply. The supply
is capable of use with an open circuit voltage of 320, 160 or 80 volts DC
at up to 12. 5 KW output. A variable ballast resistor is used in series with
the thruster. The ballast resistor is variable over a range of 0-40 ohms.

The heater supply is a battery cart capable of operation at 240, 120
and 60 volts open circuit. The current limit is 15 amperes. A variable
ballast resistance is connected in series with the batteries and is an
integral part of the power supply.
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The method used to obtain thrust utilizes the pendulum beam technique.
The pendulum beam is mounted to the top plate of the test chamber
extension. The beam was designed to measure thrust accurately and to
minimize the error introduced into this measurement by thermal distortion.
The beam is connected to a ± 0. 3 ounce Statham transducer by means of
a phenolic stirrup. The transducer is driven by a constant voltage power
supply (9 volts). The transducer output is presently read from a standard
laboratory millivoltmeter. Calibration of the thrust measuring system
is performed both prior to and immediately after every test. A dead weight
calibration technique is used.

Mass flow calibration is determined by calibration of a critical orifice.
The system is filtered and solenoid value operated. The extreme difficulty
required to determine lithium hydride instantaneous flow was beyond the
scope of this program, and was therefore not attempted.

The input power is measured by recording voltage and current on an
Esterline-Angus Recorder. The voltage is measured directly across the
thruster. The test chamber pressure is visually read from a Wallace and
Tiernan gauge. The time is recorded with a stop watch and a clock is
used to provide correlation.
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CONC LUSION

A few simple conclusions can be drawn from the preceeding discussion
pertaining to the various propellants examined.

Helium - Arc-jet engine performance is moderat ly good using helium,
however, because of the extremely high weight penalties involved in
storing helium it is not a particularly promising propellant.

Methane and Ethane - The high chemical activity of the carbon in
these compounds causes very severe materials problems. In the
experiments reported above the erosion rates were extremely rapid.
The performance was also hampered by carbon formations in the
nozzle regions in several previous tests. The materials problems
are difficult enough to classify these as undesirable propellants.

Air - Similar materials problems arise because of the oxygen's attack
-iT-electrode and nozzie materials. This plus the relatively high
molecular weight resulting in very high operating temperature at
desirable specific impulse values classifies this as a poor propellant.

Oxygen, water and hydrogen peroxide can be eliminated for considera-
tion as propellants on similar grounds as air.

Argon - Because of its high molecular weight the operating temperatures
Tr specific impulses in the order of 1000 seconds are so high that
significant life can not be obtained.

Hydrogen - The performance is by far the best using a pure hydrogen
propellant. Operating temperatures are low, heat transfer and
materials problems are the most manageable using it. Very long
life should be attainable. The storage of hydrogen places high weight
penalties on the system but the high performance on some missions
justifies the additional storage weight.

Ammonia - This propellant introduces slightly more difficult materials
problems than vith hydrogen. Operating temperatures at a given
specific impulse are higher than with hydrogen but operation is still
feasible for larger size engines for reasonable life times. The
storage weight of ammonia is extremely favorable for longer missions.
This low storage weight makes it very attractive for many missions.

Nitrogen - Performance and materials problems are moderate.
Ammoni however because of its lower molecular weight would
always be chosen in favor of pure nitrogen.

Lithium hydride - The high temperatures required to keep lithium in
a gaseous state plus the chemical activity of the lithium causes
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significant materials damage and makes engine and feed system
designs very difficult. The high latent heats also increase the difficulty
of obtaining high efficiency operations. The only really attractive
point in its favor is its high storage density. The scarcity of both A
theoretical and experimental work on this compound makes it difficult
to completely evaluate it at this time. The value of this type of
propellant at present is very questionable.

= Lithium - N advantage over a lithium hydride propellant can be
noted.

A
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RECOMMENDATION FOR FUTURE PROPELLANT STUDIES

1. From the conclusions drawn in the previous section, the major effort
in the study of propellants for arc-jet usage should be placed on hydrogen
and ammonia. The effects of various seeding materials should be stressed.

2. The use of a propellant materiai which can be stored as a solid warrants
a small continued effort. The materials problems involved in using a lithium
containing compound should be investigated. Designs which use the latent
heats of the solid as a means of regeneratively cooling of high heat flux
areas should be studied. Several experiments should be studied. Several
experiments should be conducted with accurate mass flow and thrust mea-
surements made before a final decision can be rendered concerning this
type of propellant.

3. Recombination experiments should be conducted both with and without
seeding materials over a range of arc chamber pressure useful for engine
operation. The effects of seeding materials and concentrations on the
recombination rates and overall engine performance must be determined.
Nozzes with various expansion rates and minimized viscous losses should
be tested. The data should be taken with emphasis on spectroscopic studies.
Radial surveys of pertinent gas dynamic properties must be included in the
experiments. In addition, there is always a need for theoretical work on
recombi ition which more closely approaches the actual geometry and
oper,,ating characteristics of the arc engines being considered.

4. At present the most pressing problems involved in arc-jet engine
,'esign are involved with increasing the engine life. Several studies in the
ixrea are important, and are listed below.

5. Anode foot erosion - Studies should be made to determine the operating
conditions a which cyclic motion of the anode foot is present. Studies
should include arc chamber designs which have provision for keeping the
arc foot in motion across the anode surface along a non-repeating path.
The effect of this on erosion rates and life should be determined.

6. A study of the erosion rates due to chemical causes of the arc
chamber and arc-jet engine wall materials is important when long life is
needed. With H2 and NH3 the problems have not been serious for 10-25
hours of operation, but this will become more important for longer running
times; erosion rates are needed in order to design for this. Chemical
attack by lithium vapor is a much more serious problem and a great deal
of materials compatibility work is needed for engines using lithium

i.. hydride propellait.

7. T ..q behavior of arc-jet engine components such as electrodes and
nozzles used with the best available grades of gases, such as H2 , A, N2 ,
and He, have been observed. However, the known impurities such as
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H2 0, 02 CO2 and hydrocarbons can be expected to contribute to erosion
rates ana therefore the operating life of the engines. A study should be
made using commercial and specially pruified gases in order to determine
the effects of the above impurities.

8. Little attention has been given to the effect of residual vacuum tank
gases (ambienL environment) which are present during experimental tests
of arc-jet devices. Since flight testing will put these engines in a "zero"
ambient pressure as compared to 10-3 to 10-5 mm Hg for laboratory
facilities, it should be established whether or not small amounts of 02,
H20, and C02 affect the outcome of life tests.

9. Sputtering - The effects of electrode sputtering should be studied
using target materials and surface temperatures normally encountered in
arc-jet engines. The propellants must be those considered for use with
arc-jets. Parametric measurements of the effects of pressure, surface
temperature, ion current and energy on the sputtering ratio should be
made. Very limited amounts of experimental data are now available.

10. Heat transfer problems of several types need studying. A more
thorough investigation of the type and magnitudes of radiant heat trans-
mission from the arc and plasma is needed. This study becomes increas-
ingly more important with higher operating pressures. Studies which lead
;o a better understanding of the heat transfer phenomenon occurring in the
electrode fall regions should be initiated at this time. They include the
determination of magnitude of the fall region heat losses and flux distri-
bution within the foot region itself. Studies on the overall energy balance
of the engine system are always recommended. These include the under-
standing of individual mechanisms involved in the various energy transfers.

11. Recently several gaseous mixtures were used as arc-jet propellants
at Plasmadyne. These included hydrogen-helium mixtures and nitrogen-
hydrogen mixtures. For a 50-50 mixture of hydrogen and helium perfor-
mance was significantly superior to that obtained with either pure substance.
The experiments were not extensive enough to make this conclusive. In
addition, if it is true, the reason for this increase in performance is not
understood. It is recommended that some effort be expended in experimental
work using gas mixtures with relative concentrations as a variable.
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